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without yellow fin colour (WTNY); WT male courtship behaviour 
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behaviour with yellow fin colour (GFPY); GFP male courtship 
behaviour but GFP colour (green) removed, without yellow fin 
colour {WT (GFP)NY}; WT male courtship behaviour with GFP 
colour (green) added, without yellow fin colour {GFP (WT)NY}. 
 
2-2 Results obtained from Dichotomous Choice test with WT and 
GFP transgenic zebrafish. Test for Goodness of fit determines 
significant differences within the experimental sets. 
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2-3 Results from the cross-chambered tests in which a test female 
was permitted to choose from four phenotypically similar fish 
under four different light environments manipulated by four 
different types of filters. Filter #130 (FS) is clear, permitting all 
light transmitted; filter #328 (MW1-) blocks green; filter #142 
(MW2-) blocks yellow; filter #14 (SW-) blocks blue. Predicted 
female mate preference rank: MW1- = FS > MW2- = SW-. 
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2-4 Results from testing females with manipulated video images. 
Abbreviations follow those of Table 2-1. 
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3-2 Statistical test results used to determine significant differences 
among mating pairs and between the two generations. 
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4-1 Summary of the items required for quantitative data collection for 
response to the alarm cue, Schreckstoff. Here, (4a) represents the 
infusion needed for Pavlovian conditioning of the zebrafish, 
while (4b) was utilized for determining whether there were any 




4-2 Results from the individual choice test in associative foraging 
behaviour for WT, GFP transgenic and non-transgenic zebrafish. 
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4-3 Multivariate statistical test results used to determine significant 
differences in location of the zebrafish in the experimental set-up 
and their clumping indexes among different treatments and 




 4-4 Results from predator choice made after 24 h by starved WT and 









1-1 (A) Wild type (WT) and (B) GFP transgenic zebrafish. Note how 




2-1 Top-view of the dichotomous choice apparatus. The 
phenotypically different stimulus males vie for the test female’s 
attention by courting her through the transparent glass partition. 
An opaque barrier between males prevents competition displays, 




2-2 The courting males and females of both (A) WT and (B) GFP 
zebrafish, Danio rerio.  Arrows point to sexual colouration 
detected in courting WT and GFP males. 
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2-3 Top view of the experimental set-up for the four-chambered 
choice test, consisting of a central chamber and four stimulus 
chambers. A female was left in the centre of the central chamber 
and allowed to select from males each placed in one of the 
stimulus chambers. Colours of males were manipulated by the 
various colour filters (see Figure 2-4). All chambers were 
physically separated hence only visual communication is 
permitted. Incomplete darkened lines across the central chamber 
were opaque glass panels which acted as a barrier between males 
at opposite ends to omit male-male interaction, yet allowing 
females to swim freely from one preference zone to another. 
These opaque panels also compartmentalized the preference 
zones for each individual male. 
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2-4 Reflectance spectra of the four filters used. (A) Clear filter (FS); 
(B) Pink filter blocking green colours (MW1-); (C) Violet filter 
blocking yellow colours (MW2-); (D) Yellow filter blocking blue 
colours (SW-).  
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2-5 Pictorial representation of the video recording of male courtship 
behaviour for video manipulation to determine courtship, fin 
colour and body colouration in female mate choice. The male and 
female were only permitted visual contact. The holding tanks 
were placed as presented to ensure that the male courtship 
behaviour caught on the video recorder was displayed and 
directed towards the camera, while the female can not be 







 2-6 Top view of the setup used in video playback experiments. The 
female was placed in the tank and allowed to view the 
manipulated video playbacks. Preference zone for both sides are 
represented by the dotted lines, 7 cm close to either monitor 
screen  was determined as preference for the specific male.  
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2-8 Percentage increase in both WT and GFP transgenic female 
viewing time spent with their preferred male as compared to the 
non-preferred male in the dichotomous choice test.  
 
30 
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preferably chose (A) WT males and (B) GFP males under 
different light conditions. Filter #130 (FS) is clear, permitting all 
light transmitted; filter #328 (MW1-) blocks green; filter #142 
(MW2-) blocks yellow; filter #14 (SW-) blocks blue. Annotations 
with different letters indicate statistically significant differences 
(Tukey’s post-hoc: P < 0.05). 
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3-3 Reproductive fitness of both WT and GFP transgenic zebrafish. 
(A) Fecundity (mean number of eggs spawn -1); (B) Fertility 
(mean number of fertilized eggs -1); (C) Percentage of fertilized 
eggs spawn -1; (D) Hatching numbers (mean number of hatched 
eggs spawn -1); and (E) Percentage of fertilized eggs that hatched 
spawn -1. Values are mean ± SE. Annotations with different 
letters indicate statistically significant differences (Tukey’s post-
hoc: P < 0.05). 
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spawning. Annotations with different superscripts indicate 
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52 









 3-6 Results from reproductive and viability fitness experiments. (A) 
Fecundity; (B) Fertility; and (C) Percentage of fertilized eggs 
spawn -1; (D) Hatching numbers and (E) Percentage of fertilized 
eggs that hatched spawn -1. Values shown are the average total 
means (± SE) of the four mating pairs in two generations. Post-
hoc Tukey tests were performed to determine significant 
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generation. Different letters indicate significant difference 




3-7 As reproductive fitness were similar within the various mating 
permutations, the results from fecundity, fertilized percentage per 
spawn and hatch percentage per spawn within the two 
generations were combined. Shaded circles, open circles, shaded 
triangles and open triangles represent WT ♂/WT ♀, GFP ♂/GFP 
♀, WT ♂/GFP ♀ and GFP ♂/WT ♀ mating pairs respectively. 
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4-2 Experimental set-up used for conditioning Schreckstoff to a 
predator odour and quantification of alarm response in paired 
zebrafish. Grids drawn on the longitudinal side of the tank 
quantify the horizontal and vertical location, and the clumping 
index of the zebrafish. These frames were also used to determine 
swimming activity for the experimental pairs. All mixtures were 
added into the tank through the tip at about 2 ml/ sec.  
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4-5 Mean (± SE) latency taken to ‘forage’ at the respective coloured 
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of zebrafish. Post-hoc Tukey tests were performed to determine 
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4-8 The horizontal index relative to baseline (0.5) for WT, non-
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(A) Control; (B) Schreckstoff only; (C) Schreckstoff and food; 
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5-1 Expected number of days to transgene frequency extinction in an 
interacting population of WT and GFP zebrafish (contour lines). 
While risk is low, there is a positive correlation between the 
duration of transgene frequency in the population and that of 







GloFish, a genetically modified fluorescent zebrafish, is attractive and has been marketed 
as the first genetically modified pet. However, as with many artificially created novel 
transgenic organisms, this much celebrated pet has caused a great deal of controversy 
associated with potential ecological risks because the fish remains reproductively viable. 
Using the zebrafish (Danio rerio) as a model organism, I examined the ecological 
impacts of GFP (Green Fluorescent Protein) transgene on fitness components by 
investigating the mate choice, reproductive fitness, juvenile and adult viability, and 
behaviour of both the transgenic and the wild type D. rerio.  
 
My results showed that the transgenic trait reduced the fitness of the transgenic fish in 
several aspects. Compared with wild type zebrafish, GFP transgenic zebrafish had 
disadvantages in mate choice, reproduction success and viability. Both wild type and 
GFP transgenic females showed distinctive preferences for the wild type male zebrafish 
over the GFP transgenic ones. In addition, the results from the experiments conducted to 
ascertain the determining factors of female mate choice showed that the intrinsically 
altered courtship rituals of the GFP transgenic males resulted in the reduced female 
preference for GFP males. Moreover, the GFP transgenic males also lacked the required 
optimum colouration on their flanks and fins to attract females. Thus, mating success of 
the GFP transgenic males were significantly lower than that of the wild type ones. 
Reproductive success in terms of female fecundity, male fertility, hatching rate, 
developmental rate and juvenile viability was compared in all possible mating 
permutations in a population of wild type and GFP transgenic zebrafish. The collective 
data showed that clutches produced by at least one or both GFP transgenic parents were 
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 inferior in quantity and quality as compared to those produced by both wild type parents. 
These inferiorities included significantly lower female fecundity, reduction in male 
fertility, and decrease in hatching and developmental rate. The findings were consistent 
in data collated in two generations of wild type and GFP transgenic zebrafish.  
 
Adult viability of both the wild type and GFP transgenic zebrafish was examined via the 
determination of their ability to survive by effectively foraging for food and avoiding 
risky situations. My results showed that GFP zebrafish seemed to be more limited in 
food acquisition and predator avoidance compared to the wild type. However, adult 
viability of GFP transgenic zebrafish was similar to that of the wild type.  
 
Lastly, I examined the theoretical consequences of these altered fitness components on 
gene flow and population sizes if such transgenic fish escaped and invade a natural 
population. The model predicted that the GFP transgene frequency rapidly declined and 
became extinct if it interacted with wild type zebrafish population.  
 
The overall results from this study provide the first empirical evidence that escaped GFP 
GloFish is highly unlikely to pose any ecological risks.  
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1.1. An Era Created via Transgenic Techniques  
 
In the advancement of animal production, transgenic techniques are employed to enhance 
breeding techniques, optimize feed conversion ratios, control reproduction and for the 
struggle against diseases (Houdebine 2002). To date, the range of possibilities with 
solely transgenic fish species seems limitless (Gong & Hew 1995; Hew et al. 1995; 
Sarmasik et al. 2002), from enhanced growth rate, freeze tolerance and disease resistance 
to environmental monitoring (Du et al. 1992; Devlin et al. 1999; Muir & Howard 1999). 
Even fluorescent transgenic zebrafish have a range of possible uses; in additional to 
being ornamental pets, they can also be fashioned into aquatic bio-indicators or become a 
means of oral vaccination (Ju et al. 1999; Gong et al. 2003). Due to its great economic 
and social potentials, transgenic technology has attracted much commercial and scientific 
interest (Levy et al. 2000; Gong et al. 2001). However, regardless of the vast benefits 
transgenic technology can offer, possible ecological hazards of transgenic animals, if 
escaped or released into nature, have become a primary concern (Kapuscinski & 
Hallerman 1991; Sharma & Ortiz 2000; Muir & Howard 2001, 2002; Check 2002; 




 1.2. Are Transgenic Organisms Potential Ecological Hazards? 
 
There are generally two critical schools of thought on the transgenic organism debate. 
Many researchers have hypothesized that the transgenic organisms are selected for 
specific traits which may enhance their viability, out-competing their wild counterparts, 
thus causing speciation and even species extinctions (Tiedje et al. 1989; Kapuscinski & 
Hallerman 1991; Devlin & Donaldson 1992; Muir & Howard 1999, 2002). This 
hypothesis is supported by a few empirical studies. For example, growth hormone (GH) 
enhanced transgenic fish have been demonstrated to be potentially hazardous, as they 
have a Trojan gene effect on their wild type counterparts through invasion and eventual 
extinction of both wild type and transgenic fish populations (Muir & Howard 1999, 
2001, 2002; Howard et al. 2004). Others assume that transgenic organisms are macro-
mutants that may pose little environmental threat because they are evolutionary novelties 
that might have reduced mating success and viability (Knibb 1997). However, this 
hypothesis has not been experimentally tested. 
 
1.3. Fitness Affected by Genotypic and Phenotypic Alterations 
 
Notably, a gene inserted into a receiving organism may have several functions according 
to the cells in which it is expressed and to the period of the organism’s life. Therefore, 
the addition of a foreign gene to a genome can generate unpredictable interactions with 
some cellular components and thus modify phenotypic properties of the animals in a 
more or less unexpected manner (Houdebine 2002). Although the presence of a foreign 
gene may have a negligible impact on a biological function which is controlled by 
multiple genes, several advantageous and disadvantageous genotypic changes and 
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 unforeseen phenotypic changes have been previously documented in transgenic 
organisms. 
 
1.3.1. Behavioural changes 
 
Behaviour of an organism is the result of interplay between genetic, non-genetic and 
environmental factors (see Zhang & Odenwald 1995). Although transgenic techniques may 
not necessarily change the behaviour of a transgenic animal, behaviour of an organism is 
organized as a complex system (Szathmáry et al. 2001) and changing one element of 
such a system, as for example by introducing a single transgene, may activate 
compensatory mechanisms, hence altering the behaviour which could in turn affect 
fitness in some way or another (Georgiev et al. 1990; Zhang & Odenwald 1995; Crawley 
1996). These include examples of benefits to fitness levels in GH-enhanced fish which 
have increased feeding rates (Devlin et al. 1999) and enhanced foraging abilities 
(Abrahams & Sutterlin 1999). However, the transgene can also be a bane in GH-
enhanced organisms as it increases foraging behaviour even in the presence of a known 
predator (Johnsson et al. 1996; Jönsson et al. 1996; Abrahams & Sutterlin 1999; see 
Devlin et al. 2004a). Besides behavioural changes, several other aspects of fitness can 
also be altered in the transgenic organism (Voigt et al. 2000); including reduced 
reproductive abilities in GH-enhanced fish (Dunham & Devlin 1998). 
 
1.3.2. Physical changes 
 
Body size and conspicuous colouration of fish are known to affect reproductive fitness. 
For example, mating success is positively correlated to body size and colour (see 
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 Andersson 1994; Rosenthal et al. 2001). Transgenic techniques utilized on these 
organisms may indirectly affect sexual traits which may in turn influence reproduction. 
The GH enhanced transgenic Japanese medakas (Oryzias latipes) exhibit a mating 
advantage over wild type counterparts due to their larger body size (Muir & Howard 
1999). In many fish species that are able to differentiate visible and UV wavelengths 
(Beauchamp et al. 1979; Douglas & Hawryshyn 1990), females prefer conspicuously 
ornamented males. For instance, morphologically intense colouration and patterns in 
populations of male guppies (Poecilia reticulate), cichlids (Haplochromis nyererei) and 
three-spined sticklebacks (Gasterosteus aculeatus), have been documented to be 
preferred by choosy females (Houde 1988; Kodric-Brown 1993; Seehausen & van 
Alphen 1998; Kraak et al. 1999). However, the traits conspicuous to counterparts may 
also be prominent to visual predators, increasing predation risk (see Zuk & Kolluru 
1998; Rosenthal et al. 2001), hence any physical differences caused by alterations of 
body colouration via transgenic techniques will also subject the transgenic organism to 
natural selection pressures in nature. This good-genes handicap equilibrium was hence 
tested in here, and determined whether the theory also applies to transgenic organisms 
(see Neff 2002). 
 
1.3.3. Natural and sexual selection pressures 
 
The presence of selection pressures existing in the natural environment will determine 
whether a novel organism can have an adverse impact on the natural population and 
ecological systems in the long-term. It is with the emergence of these artificial variations, 
fitness differences and inheritance in the population, that the processes of natural 
selection inevitably subject its pressures on the transgenic organisms (Endler 1986a), 
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 where the existence of an organism is based on its ability to pass on its genes as well as 
to persist in a given environment. Therefore, the various forces of selection and 
environmental impacts can determine the continuation of the novel genotype, and 
persistence of its phenotype in the environment (Darwin 1859). However, the natural 
environment only favors the emergence of the best-adapted individuals (Houdebine 
2002). 
 
1.4. Assessment of Ecological Risks of Transgenic Organisms 
 
By examining the multiple fractions which contribute to the transgenic organism’s 
survival through natural and sexual selection, the viability of the transgenic organism can 
be further ascertained through simultaneous examination of the critical fitness parameters 
(see Muir & Howard 1999). However, the sole method available to determine any long-
term effects that an introduced transgenic organism can have on its wild type population 
is through a deterministic model which ascertains potential risks posed by the particular 
transgene. As transgenic techniques are still considered to be in their infancy, many 
scientists are unwilling to introduce these novelties into the natural environment to study 
the possible ecological impacts or the lack of them (Stokstad 2002). This stand is 
strengthened with historical lessons learnt through the irreversible disasters of introduced 
non-native species into a new environment as they are deemed akin to the introduction of 
transgenic organisms (Kapuscinski & Hallerman 1991).  
 
To date, there is only one conservative model developed for assessing the potential 
ecological hazards of transgenic organisms which is widely accepted (Muir & Howard 
1999). By collecting all the required fitness parameters crucial to the survival of the 
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 particular transgene in a population, the frequency of the transgene can be mapped 
through the generations, hence establishing the survivability of the transgene. Although 
this pioneer model can never be fully tested in a natural setting, the conservative nature 
of the model allows laboratory findings to be translated into a safe estimation of the 
transgene survivability in the wild (Muir & Howard 2004). 
 
1.5. Research Objectives 
 
While little research has been done to determine whether transgenic organisms can pose 
any ecological risk, it is important to assess their potential dangers and not rely on 
hypothesized theories and models to determine their possible ecological impacts. Using 
the zebrafish (Danio rerio) as a model organism, I aim to assess the potential ecological 
risk of the transgenic zebrafish by examining how insertion of GFP (Green Fluorescent 
Protein) gene into the muscles fibres by transgenic techniques could affect some aspects 
of fitness components including mating success, reproduction and viability of both GFP 
transgenics and wild type (WT) zebrafish, under controlled experimental conditions 
(Muir & Howard 1999, 2001; see Figure 1-1).  
 
The specific objectives are as follows: 
1. In Chapter 2, I examined the effects of GFP transgene on mating success of both 
GFP transgenic and WT D. rerio. This would provide information on zebrafish 
mate choice determinants, whether colour or behaviour, or both factors has/have 
an impact on the mate choice of GFP and WT females. 
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 2. In Chapter 3, I determined whether the GFP transgene could cause any alterations 
by comparing fecundity, fertility, hatching rates and juvenile viability of both 
GFP transgenic and WT zebrafish.  
 
3. Chapter 4 deals with the limitations of learning abilities in the transgenic 
organism and the WT zebrafish, if the transgene had a direct or indirect 
behavioural effect on the receiving organism. Therefore, the cognitive to forage 
and fright response in recognition of ‘threat’ (Schreckstoff alarm substance and 
‘presence’ of a predator) was tested on GFP transgenic, non-transgenic 
(transgenic siblings which did not express the inserted transgene) and WT 
zebrafish. In this chapter, I also determined whether the altered colouration due to 
addition of the transgene could increase predation risk. By establishing possible 
predator preference for conspicuous colouration, it offered an insight as to the 
transgenic organism’s vulnerability, hence survivability, in the natural 
environment.  
 
4. In Chapter 5, I assessed the potential ecological impacts by using a deterministic 
model. All necessary fitness metrics that were collected in this study was 
included in the model to determine whether the GFP transgenic zebrafish, or 
GloFish, transgene will persist when interactions between the transgenic and WT 
are allowed. 
 
This study is expected to have general implications on potential long-term risks 

















Figure 1-1. (A) Wild type (WT) and (B) GFP transgenic zebrafish. Note how the muscle 
cells in the transgenic zebrafish glows fluorescent green.  
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 CHAPTER 2 
 
THE EFFECT OF GFP TRANSGENE ON FEMALE 




Novel traits produced by transgenic methods can potentially have unknown impacts on 
the recipient’s life history, and may influence the receiver’s genetic inheritance in sexual 
selection. In many animal species, including fish, vigorous courtship behaviour, size and 
colour patterns of males are important determinants of mating success (Andersson 1994). 
For example, it is known that mating success is correlated with body size in 40 % of 186 
animal taxa surveyed (Andersson 1994). As Andersson (1994) reviewed, several fish 
species showed this size-dependent mating advantage, where in most cases, both mate 
choice and mate competition select for a larger body size (e.g. Downhower et al. 1983; 
Rowland 1989a, b; Morris et al. 2005). It has been demonstrated that GH-transgenic 
Japanese medaka (Oryzias latipes) has a mating advantage over wild type counterparts 
due to attainment of a larger body size as a result of the insertion of GH genes (Muir & 
Howard 1999). Therefore, this artificial enhancement of body size increases mating 
opportunities caused by novel transgenes. It is also notable that besides size of the 
courting male, other factors such as courtship display and colouration, which can be 




Many studies have shown that colour patterns of conspicuous males have a positive 
correlation with increased mating success (Endler 1983; Bischoff et al. 1985; Andersson 
1994; Nicoletto 1995), and that conspicuous males elicit more sexual responses from 
females as compared to dull coloured pursuers (Endler 1983; Kodric-Brown 1985; 
Houde 1987). In addition, differential courtship display can also affect female mate 
choice, where females may only be interested in a specific set of motor patterns during 
courtship (Endler 1983; Borgia 1985; Rosenthal et al. 1996). However, the above sexual 
traits may not function in isolation. The various traits may indicate different aspects of 
male quality to the choosy female (multiple message hypotheses) (see Kraak et al. 1999). 
For example, Burley (1981) showed that preference by female pigeons, Columba livia, 
can be expressed as a function of male rank order, prior sexual experience and 
coloration. Female red jungle fowl, Gallus gallus, attends to several male traits, 
including courtship display, tail length, hackle feather colour, and comb length and 
colour (Zuk et al. 1992). Similarly, female guppies attend to display rate (Farr 1980), tail 
size (Bischoff et al. 1985), colour contrast (Endler 1980), brightness (Kodric-Brown 
1985), and orange colouration (Houde 1987). Additionally, besides a large body size, an 
intense red breeding body colouration, blue eye colouration, courtship behaviour and 
nest concealment have been shown to attract female three-spined sticklebacks 
(Gasterosteus aculeatus) (see Kraak et al. 1999). 
 
However, few studies have been conducted to examine whether these traits (body 
colouration and/ or courtship display) affect the mating and reproductive success of the 
transgenic fish. Although the colouration in the GFP transgenic zebrafish is artificial, D. 
rerio are known to have the ability to differentiate colours (Robinson et al. 1993; 
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 Brockerhoff et al. 1997; Fetsko et al. 1996, 1997; Williams et al. 2002), hence artificial 
alteration in colouration as a function in mating success was tested. In addition, 
copulatory behavioural changes were observed in transgenic male mice expressing 
human placental GH gene (Meliska & Bartke 1997), so any positive or negative 
alterations in the courtship behavioural aspects of the transgenic zebrafish were also 
examined to determine whether the transgenic technique and addition of the transgene 
can affect female mate choice. Here, intersexual selection tests in different scenarios 
were completed to establish effects of the novel transgene on female mate preference. 
This includes determining the influences of male body colouration [Chapter 2.2.3], male 
body and fin colouration [Chapter 2.2.4] and male courtship behaviour [Chapter 2.2.5] 
on female D. rerio mate choice. 
 
2.2. Materials and Methods 
 
2.2.1. Experimental subjects 
 
Wild type (WT) and genetically modified (GFP) Danio rerio were used. Transgenic GFP 
zebrafish used were obtained from the eighth and ninth generation of mylz2:gfp 
transgenic parental stock, which was generated by injection of a transgenic DNA 
construct containing a 2-kb, fast skeletal muscle-specific myosin light polypeptide 2 
(mylz2) promoter in the GFP vector pEGFP-1. The green fluorescent colour in the 
transgenic lines can be readily viewed directly under both normal daylight and UV light 
in the dark (Ju et al. 1999; Gong et al. 2001; see Figure 1-1). Wild type zebrafish were 
bought from a local retailer (Mainland Tropical Fish Farm, Singapore). Since the GFP 
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 gene is dominant, individuals from the following generations (eight and ninth 
generations) expressing the conspicuous colour were used for the experiments. 
 
2.2.2. Rearing conditions 
 
For optimal growth, a maximum of 60 pairs of D. rerio were maintained in tanks (60 x 
30 x 40 cm, L x B x H) illuminated by overhead incandescent lamps on a 14 h: 10 h 
photoperiod (lights on at 0800 h; Westerfield 1995). The fish were separated according 
to their sex and phenotype into different tanks to increase their reproductive potential 
(see Westerfield 1995). Water was maintained at 26 ± 1 oC and was constantly aerated. 
As food plays an important role in providing sufficient proteins for breeding, the fish 
were fed ad libitum twice a day with newly hatched, day-old brine shrimp (Artemia sp.) 
and thawed frozen bloodworms twice a day, once in the morning and once in the 
evening.  
 
2.2.3. Female mate choice 
 
To examine the effect of transgene on the female’s mating preference, I performed a 
series of dichotomous choice tests using a choice apparatus (Figure 2-1). The apparatus 
consisted of a rectangular aquarium (60 x 30 x 40 cm), divided into three chambers, one 
large chamber containing a single test female, and two smaller chambers separated by 
clear glass panes, each containing one stimulus male. The test female and the stimuli 
males were prevented from any physical contact via the glass partitions, and an opaque 
glass partition divided the two stimulus male chambers visually and physically to prevent 
any competition display between the males. The large chamber was depicted by drawing 
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 lines on the bottom and side panes of the aquaria into two zones, a 10-cm-wide 
‘preferred zone’ near each stimulus male chambers and a 10-cm-wide ‘non-preferred 
zone’ further away from the stimulus chambers. The aquarium was maintained at 26 ± 
1oC and illuminated by a 60-cm-long Strauss aquarium fluorescent lamp (20 W) hung 30 
cm above the apparatus, which stimulated the energy spectrum of natural light.  
 
 
Twenty-three WT and 23 GFP females were tested for mating preference. A given male 
was not used more than once with a given female. Since male body size can apparently 
affect female mate choice (Houde 1997), only size matched males in each stimulus pair 
for standard body length were used (WT male: 3.90 ± 0.02 cm; GFP male: 3.86 ± 0.01 
cm; Mann-Whitney U test: U = 851.50, n  = 46, n  = 46, NS).  1 2
 
Approximately 15 h on the day before the trials, I placed removable black opaque, 
corrugated plastic boards (30 x 40 cm) between each chamber within the apparatus to 
omit visual contact between each isolated individual. One test female was placed into the 
large chamber, while one WT male and one GFP male were randomly placed into the left 
and right stimulus chambers. This ensured that the females and males had some 












Figure 2-1. Top-view of the dichotomous choice apparatus. The phenotypically different 
stimulus males vie for the test female’s attention by courting her through the transparent 
glass partition. An opaque barrier between males prevents competition displays, but 




The removable boards between the stimulus males and the test female were gently 
removed from the stimulus chambers immediately after the lights were programmed to 
turn on. The test females and stimulus males were allowed to acclimatize for 5 min to the 
new light environment (Houde 1997). After the 5 min acclimatization period, the trial 
began. Interactions between the males and female were recorded using a digital video 
camera (either models NV-GS70EN or NV_MX500EN) positioned overhead. I sat about 
1 m away from the test aquaria and recorded the time (Casio, G-shock DW8400) that the 
test female spent in each preference zone with stopwatches. If the test female only visited 
one side of the 30 cm compartment, the trial was discarded. This was to avoid prejudices 
in a case when the female could only see or be courted by a single male. Each trial lasted 
for 10 min. Data collected from this experiment was tabulated only when the test female 
viewed both stimulus male chambers, and both the stimulus males courted the test 
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 female. The time the test female spent in close proximity to each male was summed to 
represent the association preference of the choosing female. Here, association preference 
will be inferred as female mate choice. The test female was considered as ‘preferring’ a 
particular male if, over the course of a trial, she spent more than 50% of 600 sec (10 min) 
in either one of the 30-cm-wide preference zones. When less than 300 sec were totaled in 
either preference zones, the female was assumed to have no preference. Test of goodness 
of fit for significance was performed to test for association preferences, and paired t-tests 
were performed to examine the difference in time spent viewing preferred and non-
preferred mates (Zar 1996). 
 
2.2.4. Role of visual cues in female mating preference 
 
The deficiency in appeal of the GFP transgenic males may have arisen due to the lack of 
recognition in potential fitness benefits from a high-quality mate (see results of Chapter 
2.2.3. in Chapter 2.3.1.). Furthermore, the energy expended to fluoresce artificially may 
have reduced the intensity of any courtship colours (a strong yellow striation adorned on 
fins of a courting and mating WT zebrafish) in sexually active transgenic D. rerio 
(personal observations, see Figure 2-2). 
 
To determine the relative importance of colours in female mate choice, I conducted 
choice tests using a cross-chamber apparatus (Figure 2-3). The cross-chambered 
apparatus consisted of a central chamber containing a test female and four arms ending in 
four stimulus chambers. Opaque black boards surrounded all sides of the apparatus to 
ensure that no external disturbances could affect the experimental subjects. Illumination 
was provided by suspending four 60-cm-long Strauss aquarium lights 30 cm above each 
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 end-chamber. Four different filters were used to manipulate the colour of the male 
zebrafish as perceived by the female zebrafish. The filters were horizontally placed on 
the top of the individual stimulus male chambers, intercepting any direct overhead light. 
Each of the four filter types was specifically chosen to block regions of the spectrum 
corresponding approximately to the male WT and GFP zebrafish colours. While the clear 
filter (Lee Filters # 130) acted as a control, the pink filter (Lee Filters # 328) blocked 
green colouration in one male chamber, the violet (Lee Filters # 142) and yellow (Rosco 
Supergel # 14) filters blocked yellow and blue hues in another two male compartments, 
respectively (Figure 2-4). They are henceforth referred to as full spectrum (FS), medium-
wavelength-blocking 1 (MW1-), medium-wavelength-blocking 2 (MW2-), and short-









Figure 2-2. The courting males and females of both (A) WT and (B) GFP zebrafish, 









































Figure 2-3. Top view of the experimental set-up for the four-chambered choice test, 
consisting of a central chamber and four stimulus chambers. A female was left in the 
centre of the central chamber and allowed to select from males each placed in one of the 
stimulus chambers. Colours of males were manipulated by the various colour filters (see 
Figure 2-4). All chambers were physically separated hence only visual communication is 
permitted. Incomplete darkened lines across the central chamber were opaque glass 
panels which acted as a barrier between males at opposite ends to omit male-male 
interaction, yet allowing females to swim freely from one preference zone to another. 





For acclimatization purposes, all experimental fish were placed in their respective 
chambers 15 h before the trials. During this time, the experimental subjects were isolated 
from one another by placing opaque barriers between all four end-chambers and that of 
the central chamber. At lights on, all the opaque barriers were removed, and the fish were 
allowed to adjust to the new environments for 5 min. The trials began after the 5 min 
acclimatization period. The interactions between the female and males were recorded by 
a video camera that was placed about 50 cm directly above the central chamber. Each 
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 trial lasted for 20 min. The trials were discarded if the test female did not visit all the 
compartments, or if any single male did not court the female. 
 
Experiments consisted of two phases, control and experimental phase. Control trials were 
performed to determine whether female zebrafish preferred a specific light environment 
without stimulus males. To achieve this, WT female was placed in the central 
compartment, while the end-chambers were illuminated through the filters onto a 
compartment of dechlorinated water. Times spent in each preference zone in front of the 
end-chambers were recorded in the mornings after the opaque barriers were removed. 
Association preference, hence female mate choice was determined as amount of time 
spent in the preference zones (more than one-third viewing time of 20 min). 
 
Experimental trials consisted of one female WT zebrafish in the central chamber and 
allowed to choose among four size-matched and phenotypically similar courting males 
(WT total body length: 3.91 ± 0.01 cm, Kruskal-Wallis Test: P = 0.99; GFP total body 
length: 3.91 ± 0.01 cm, Kruskal-Wallis Test: P = 0.99 , each of which was placed in one 
of the four arms of the chamber. Association preferences (one-third viewing time of 20 















  C D 
 
 
Figure 2-4. Reflectance spectra of the four filters used. (A) Clear filter (FS); (B) Pink 
filter blocking green colours (MW1-); (C) Violet filter blocking yellow colours (MW2-); 
(D) Yellow filter blocking blue colours (SW-).  
21 
 2.2.5. Manipulated video-recording of mate choice tests 
 
From personal observations, male courtship behaviour in both WT and GFP males 
differed significantly. Transgenic GFP males were not as vigorous when courting a 
female as compared to the WT males (unpublished data). Although the above 
dichotomous and cross-chambered choice tests are used extensively to determine female 
mate choice, courtship behaviour of the males could not be controlled in these 
experiments. This experiment was carried out to more specifically determine if female 
choice is based solely on colour, courtship display, or a combination of both by using 
manipulated video images (see Rosenthal 1999). As it is difficult to control differential 
courtship behaviour when using live males as stimuli (Evans & Marler 1991), video 
playbacks that are used to produce a specific stimulus make this possible (e.g. Collins 
1994; Rosenthal et al. 1996). By varying the behavioural and/ or colour patterns 
presented to a receptive female, these experiments could determine the effects of the 
altered colour or courtship behaviour, or both on female mate choice. 
 
2.2.5.1. Preparation of video playbacks 
 
To determine whether the female’s choice is determined by a specific colour or courtship 
behaviour, a WT and a GFP male zebrafish’s courtship display behaviour was recorded 
separately on different days when lights were programmed to turn on. Both male and 
female zebrafish were primed to reproduce, and placed separately into small recording 
glass tanks (15 x 5 x 15 cm). The male was placed in the recording tank with the longest 
side of the tank facing the camera (Trainor & Basolo 2000). The female tank was placed 
below (out of sight of the recording) and directly in front of the male, allowing both male 
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 and female a diagonal view of the opposite sex, so that the male could view the female 
below from his recording tank (Figure 2-5). The video recording prepared in such a 
manner would show male courtship behaviour directed at the camera, hence the female 
in video playbacks. The focal length of the camera was adjusted so that the male 
zebrafish appeared as the actual size on the monitor. A 60-cm-long Strauss aquarium 
light positioned 30 cm above the male recording tank, and a black opaque board used as 
a backdrop. Both tanks were completely covered after the experimental subject were 
placed in the tanks about 15 h before the recording started. For acclimatization purposes, 
recording started 5 min after the boards visually separating the male and female were 
gently removed.  
 
Colour editing was accomplished using Adobe Premiere Pro version 6.5 and Adobe 
After Effects version 6.5 to alter the body and fin colour in the specific courtship 
behaviours of the zebrafish at 30 frames per second before simultaneous presentations to 
a receptive female, allowing her to choose from either male via pure visual colour. 
Testing was similar to that of the dichotomous choice test, where latency of close 
proximity to either video playback ascertained choice. Various video-playback 
combinations were presented to the females to determine whether colouration or 
courtship behaviour could affect female mate choice. In addition, combinations of the 
different factors were used to establish which variable was the primary female mate 
choice determinant (Table 2-1). Experimental sets 1 and 2 were used to determine 
whether females were able to detect males presented via the LCD monitors, and if 
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Figure 2-5. Pictorial representation of the video recording of male courtship behaviour 
for video manipulation to determine courtship, fin colour and body colouration in female 
mate choice. The male and female were only permitted visual contact. The holding tanks 
were placed as presented to ensure that the male courtship behaviour caught on the video 
recorder was displayed and directed towards the camera, while the female can not be 




The video playbacks were displayed to the test female via two different laptops (Compaq  
Presario X1097AP and IBM Thinkpad X20) to two new and similar liquid crystal display 
(LCD) monitors (Samsung SyncMaster 151MP). The presentation was edited so as to 
remove any side bias due to equipment differences (Rosenthal 1999). This was done to 
remove probabilities of between-side differences in monitor tuning, playback speed or 
signal quality of the different video players, the two video outputs (VO) from the two 
different laptops, linked to the LCD monitor screens to show stimuli in identical 
proportions on each side’s equipment. To achieve this, the recordings were manipulated 
so that VO  was a sequence of playback sequence 1, PS1 1 (5 min) Æ interval (30 sec, 
which was disregarded in the final tabulation of association time) Æ PS  (5 min); and 2
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 VO  was a sequence of PS2 2 (5 min)Æ interval (30 sec, which was again disregarded in 




Table 2-1. Objectives of the various video playback manipulations. Abbreviations are as 
follows: WT male courtship behaviour without yellow fin colour (WTNY); WT male 
courtship behaviour with yellow fin colour (WTY); GFP male courtship behaviour 
without yellow fin colour (GFPNY); GFP male courtship behaviour with yellow fin 
colour (GFPY); GFP male courtship behaviour but GFP colour (green) removed, without 
yellow fin colour {WT (GFP)NY}; WT male courtship behaviour with GFP colour 
(green) added, without yellow fin colour {GFP (WT)NY}. 
 
 
Playback Sequence (PS) 
No. Objectives 
1 (PS ) 2 (PS ) 1 2
To determine that females can see video 
images and react to stimuli 
Y Y1 WT WT
2 Initial determination of preference WTNY NYGFP
Determine effect of behaviour on mate 
choice 
NY  NY3 WT WT (GFP)
Determine effect of behaviour on mate 
choice 
NY  NY4 GFP GFP (WT)
Determine effect of colour on mate 
choice 
NY  NY5 WT GFP (WT)
Determine effect of colour on mate 
choice 
NY  NY6 GFP WT (GFP)
 NY  NY7 Confirm female preference GFP (WT) WT (GFP)
Determine effect of FIN colour on mate 
choice 
NY Y8 WT WT
Determine effect of FIN colour on mate 
choice 






 2.2.5.2. Mate choice experiments 
 
Twenty-five WT and 25 GFP transgenic adult female zebrafish were each allowed to 
choose in each experimental set, totaling 450 females used in this experiment as each 
female was used only once. The experimental set-up was a rectangular glass tank (30 x 
15 x 15 cm) with the longitudinal sides covered by opaque black boards throughout the 
experiments (Figure 2-6).  
 
For acclimatization purposes, female experimental fish were placed in the experimental 
tank about 15 h before the experiment. During this time, opaque barriers were placed 
between the LCD monitors and the experimental tanks. At lights on, the opaque barriers 
between the compartments were removed, and trials began after 5 min to allow the fish 
to adjust to the new environments. A video recorder was placed above the experimental 
setup to record the time associations of the female with each video playback. Similar to 
the dichotomous choice test, the female was ascertained to have made a choice when she 
visited both longitudinal ends of the tank, and if more than half of the experimental time 
(excluding the 30 sec intervals) of the female was spent in a preference zone, i.e. more 
than 300 sec. Test of goodness of fit for significance was performed to test for 
association preferences, and paired t-tests were performed to examine the difference in 






















Figure 2-6. Top view of the setup used in video playback experiments. The female was 
placed in the tank and allowed to view the manipulated video playbacks. Preference zone 
for both sides are represented by the dotted lines, 7 cm close to either monitor screen  






2.3.1. Female mate choice 
 
In the dichotomous choice test experiments, both WT and GFP transgenic females 
preferred WT to the GFP transgenic males (Table 2-2).  
 
Both WT and GFP females spent significantly more time near the WT males (82.1 ± 1.9 
% and 80.2 ± 2.1 % time for WT and GFP females, respectively) than the GFP males 
(Paired t-test: WT female: t = 14.61, P < 0.001; GFP female: t = 13.38, P < 0.001; Figure 
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 2-7). The frequency distribution of the proportion of time both WT and GFP females 
spent with the WT (preferred) male was not uniform (Kolmogorov-Smirnov test: P < 





Table 2-2. Results obtained from Dichotomous Choice test with WT and GFP transgenic 




Choice of Phenotype Test for 
Goodness of Fit  WT Male GFP Male Neither 
2χ  = 8.05;  WT Female 17 4 2 P < 0.01 
2χ  = 5.76;  GFP Female 16 5 2 P < 0.05 




























































































Figure 2-8. Percentage increase in both WT and GFP transgenic female viewing time 
spent with their preferred male as compared to the non-preferred male in the 
dichotomous choice test.  
 
 
2.3.2. The role of male colour in female mating preference 
 
In the control phase, WT females did not show preference for any specific colour 
environment, spending the similar amount of time remaining close to each of the four 
preference zones (preference zones for FS: 211.6 ± 9.6 sec; MW1-: 202.5 ± 9.3 sec; 
MW2-: 186.7 ± 9.7 sec; SW-: 213.6 ± 8.3 sec; One-way ANOVA: F3,116 = 1.8, NS). 
Instead, females tended to stay within the central compartment (385.6 ± 12.5 sec). 
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 Results from the experimental phase during which WT females were allowed to choose 
amongst groups of either WT or GFP males in the manipulated environment showed that 
the females preferred males under FS or MW1- filters (Table 2-3). Alternatively, 
removal of yellow (MW2-) or blue colour (SW-) had the greatest effect on females’ mate 
choice. However, there were no differences in preference between the males with FS and 
MW1- chambers (WT males: χ2 = 0.33, P = 0.56; GFP males: χ2 = 1.33, P = 0.25). The 
filter treatment had a significant effect on the amount of time females spent in each 
preference zone (ANOVA for WT males: F4, 55 = 22.60, P < 0.0001; GFP males: F4, 55 = 
25.68, P < 0.0001; see Figure 2-9). 
 
Table 2-3. Results from the cross-chambered tests in which a test female was permitted 
to choose from four phenotypically similar fish under four different light environments 
manipulated by four different types of filters. Filter #130 (FS) is clear, permitting all 
light transmitted; filter #328 (MW1-) blocks green; filter #142 (MW2-) blocks yellow; 
filter #14 (SW-) blocks blue. Comparing female mate choice towards males within 4 the 
individual chambers, the experiment predicted that female mate preference rank: MW1- 
= FS > MW2- = SW-. 
 
Choice Made Phenotype of 
stimulus males 
Test for          
Goodness of Fit FS MW1- MW2- SW- 
WT 7 5 0 0 2 = 12.67; P < 0.01 χ


































































































Figure 2-9. Association time presentations (mean ± SE) where WT females preferably 
chose (A) WT males and (B) GFP males under different light conditions. Filter #130 
(FS) is clear, permitting all light transmitted; filter #328 (MW1-) blocks green; filter 
#142 (MW2-) blocks yellow; filter #14 (SW-) blocks blue. Annotations with different 
letters indicate statistically significant differences (Tukey’s post-hoc: P < 0.05).  
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2.3.3. Role of visual cues in female mate choice tests 
 
The results from Experimental set 1 showed that both WT and GFP females 
responded to a stimulus shown on a monitor screen, as they spent an equally 
comparative amount of time in both ‘preference zones’ showing the same playback 
sequence (Paired t-test: WT female: t = -0.80, P = 0.43; GFP female: t = 1.22, P = 
0.24). Although there were no preferences noted in these trials, majority of both WT 
and GFP females were unable to decide between the same video sequence by 
swimming between the two playbacks, hence no ‘choice’ was made for any particular 
playback. The results from Experimental set 2 showed that both WT and GFP females 
consistently preferred WT to GFP males (Table 2-4). This supported previous data 






Table 2-4. Results from testing females with manipulated video images. Abbreviations follow those of Table 2-1. 
 
Choice Made 
No. Presented Playbacks             (PS1 vs. PS2) 
Female 
Phenotype PS1 PS2 Neither 
Test for Goodness of Fit 
WT 1 2 22 χ2 = 0.33; NS 
1 WTY vs. WTY
GFP 2 0 23 χ2 = 2.0; NS 
WT 19 3 3 χ2 = 11.63; P < 0.001 
2 WTNY vs. GFPNY
GFP 20 3 2 χ2 = 12.57; P < 0.001 
WT 17 2 6 χ2 = 11.84; P < 0.001 
3 WTNY vs. WT (GFP) NY
GFP 14 3 8 χ2 = 7.12; P < 0.01 
WT 4 15 6 χ2 = 6.37; P < 0.01 
4 GFPNY vs. GFP (WT) NY
GFP 5 15 5 χ2 = 5.0; P < 0.05 
WT 18 3 4 χ2 = 10.71; P < 0.01 
5 WTNY vs. GFP (WT) NY
GFP 16 5 4 χ2 = 5.76; P < 0.05 
WT 5 16 4 χ2 = 5.76; P < 0.05 
6 GFPNY vs. WT (GFP) NY
GFP 4 13 8 χ2 = 4.76; P < 0.05 
WT 16 4 5 χ2 = 7.2; P < 0.01 
7 GFP (WT) NY vs. WT (GFP) NY
GFP 14 3 8 χ2 = 7.12; P < 0.01 
WT 3 11 11 χ2 = 4.57; P < 0.05 
8 WTNY vs. WTY
GFP 3 13 9 χ2 = 6.25; P < 0.05 
WT 4 13 8 χ2 = 4.76; P < 0.05 
9 GFPNY vs. GFPY
GFP 2 12 11 χ2 = 7.14; P < 0.01 
 Results showed that both WT and GFP females preferred WT coloured (blue and 
white body colouration) and courtship sequenced playbacks (Table 2-4). This was 
even so when females were allowed to view green-coloured (GFP-like) males 
performing a WT courtship behaviour. Compiling the results from Experimental sets 
3 - 6, a significant majority of males performing WT courtship behaviour were 
preferred by both WT and GFP females (81.3%) regardless of male colouration. In 
addition, WT colouration (regardless of courtship behaviour) attained significantly 
more matings (78.8%) than GFP-like males (21.2%).  
 
Experimental set 7 was performed to ascertain whether body colouration or courtship 
behaviour is the foremost mate choice determinant, and the results showed that the 
behaviour of a courting male was more important than that of body colouration. This 
makes body colouration the secondary factor in female mate choice when WT and 
GFP female zebrafish are choosing a mate. 
  
Experimental sets 8 and 9 were performed to determine the effects of fin colouration 
(yellow courtship colouration on the fins of the males) on female mate choice 
irrespective of male courtship behaviour. The results showed that both WT and GFP 
females preferred males with yellow fins to those without.  
  
When a choice was made, the time association data was pooled and showed that 
females making a choice spent significantly more time with preferred video playback 


















































t  = -0.80
P  = NS t  = 1.22




















































t  = 3.82
P  < 0.01
t  = 4.29













































t  = 6.90
P  < 0.001
t  = 3.64




















































t  = 4.09
P  < 0.001
t  = 3.32












































) t  = -2.82
P  < 0.01
t  = -3.08









































































































) t  = 2.66
P  < 0.05
t  = 3.00

















































) t  = -2.88
P  < 0.01
t  = -3.32












































) t  = -2.55
P  < 0.05
t  = -3.95





Figure 2-10. The mean time ± SEs (sec) WT and GFP females spent in front of the 
different video playbacks. Sub-graphs (A) to (I) represent experimental sets 1 – 9 
respectively.  
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 2.4. Discussion  
 
While many scientists are apprehensive about transgenic organisms and their 
negative environmental impacts when released, the results from this chapter suggests 
that not all transgenic organisms may have a mating advantage which may lead to 
extinctions of naturally occurring populations, since the GFP transgenic male 
zebrafish is not a favoured mate (Muir & Howard 1999, 2001). Although transgenic 
techniques can translate to a superior reproductive success, the empirical evidence 
exhibited here determined that the GFP transgenic zebrafish are novel animals that 
can also have difficulties attaining successful mates.  
 
With the invention of transgenic techniques, phenotypic variation of a specific 
character can lead to differential mating success (Muir & Howard 1999). For visual 
mate choice, usage of colour and patterns as sexual signals to attract partners are well 
known in many fish species, including guppies Poecilia reticulate (Endler 1983; 
Houde 1987; Kodrick-Brown 1993; Nicoletto 1995), three-spined sticklebacks 
Gasterosteus aculeatus (Bakker & Milinski 1991) and pipefish Syngnathus typhle 
(Berglund et al. 1997). Zebrafish, like many fish species, can differentiate visible and 
ultra violet wavelengths, and thus they would be able to perceive disparity in colours 
altered by the insertion of GFP (Robinson et al. 1993; Fetsko et al. 1996, 1997; 
Brockerhoff et al. 1997). However, visual choice made by female D. rerio had 
clearly shown that the introduction of transgenic fluorescent green into the muscle 
cells had drastically altered the mating success of the GFP male, and GFP males were 
not preferred by both WT and GFP females.  
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 The differences in preference was highly significant in the dichotomous choice 
experiments, where overall, GFP males obtained 19.6% of the matings, resulting in a 
significant mating disadvantage as compared to WT males, which secured 71.7% of 
the matings. It could be hypothesized that the GFP zebrafish were not preferred as 
they may appear to be of a different species as that of the WT. However, all zebrafish 
were kept separately at sexual maturation, and were all exposed to both WT and GFP 
populations, hence lack of recognition of the transgenic fish as a conspecific is highly 
unlikely. In the designed choice tests, there existed a complete partition between the 
selecting female and the presented males, all other cues except that of visual were 
excluded. Since male zebrafish were matched for size, body size may not be the 
factor influencing the females’ mating preference. Therefore, the female zebrafish 
preference for WT over GFP males may be solely based on visual cues from courting 
males.  
 
It is known that there is a difference in male body colouration while in courtship: the 
bright yellow and blue striation colouration on the fins of WT males when courting 
females are present at lower intensities in courting GFP males. Results from cross-
chambered choice tests show that GFP colouration expressed in the muscles are not 
as crucial to female mate choice as that of the less conspicuous mating colours of fins 
in GFP males, because the removal of yellow (MW2-) and blue (SW-) colours had 
the greatest effects on female zebrafish mate choice. Alternatively, the reduction of 
conspicuous sexual courtship colourations in the GFP males may make them less 
attractive to females due to the presence of the novel green colour. As the control 
phase had established that zebrafish do not preferably choose any specific light 
environment manipulated by the filters, the results showed that female zebrafish only 
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 deemed males adorned with blue and yellow striations on the body and fins as 
potential mating partners, regardless of whether the novel green colouration was 
present or not. However, I was unable to determine whether courtship display, colour 
of fins or both play a role in female mating preference based on the results from the 
cross-chambered tests. This was because each experimental set consisted of four 
different WT or GFP transgenic zebrafish simultaneously courting the test female, 
where the yellow, blue or green body colourations and courtship behaviour would 
have differed amongst them.  
 
It is known that mate choice decisions are typically dependent upon the integration of 
information from a number of characters (Zuk et al. 1992; Andersson 1994), the 
dichotomous choice test was fine-tuned to determine the specific male mate choice 
determinant in the zebrafish. Therefore, the series of video manipulations of male 
courtship sequence were used to further determine whether females preferred WT 
males due to their colouration (muscles and fins) or their courtship behaviour. My 
results show that both the WT coloured (bright yellow fins) and courtship display are 
important for female mating preference, but courtship display is more important than 
the presented courtship colouration. 
 
Although females prefer to mate with colourful males (e.g. in guppies, Poecilia 
reticulate), novel colourful males created by transgenic techniques may not have the 
same advantage, as the novel trait has not been selected for. The mate choice 
determination factor in the female D. rerio is foremost male courtship behaviour 
followed by WT body colouration. Given that the transgenic D. rerio did not possess 
both of these traits, female mate choice would significantly lower the numbers of 
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 individuals with GFP transgene in the subsequent generation. The observed 
differences in behaviour of transgenic organisms unrelated to the specific transgene 
inserted have been previously documented (Hughes et al. 1996; Abrahams & 
Sutterlin 1999), where changing one element of the complex behavioural system, as 
for example by the introduction of a single transgene, may alter the organism’s 
behaviour (Crawley 1996; Voigt et al. 2000). Here, the altered genotype has a 
negative impact on its phenotype, where courtship behaviour of GFP zebrafish 
differed from that of the WT males (unpublished data; also see Meliska & Bartke 
1997). Similarly, variations in courtship display can elicit different results from 
receptive females, and variation in signal characters or in male ‘vigor’ can often 
modify female preference (Halliday 1983; Rosenthal et al. 1996). Therefore, coupled 
with the changes in body colouration and lack of sexual signals (fin colours), the 




 CHAPTER 3 
 
EFFECTS OF GFP TRANSGENE ON 




Transgenic organisms inserted with novel transgenes have shown to have pleiotropic 
effects (Guillén et al. 1999; van der Meer et al. 2001). These alterations can be 
caused by the introduction of the transgene, since insertion techniques have been 
shown to have no significant effect on the receiving organism (see van der Meer et 
al. 2001). By employing simple tests to determine whether the transgenic organism is 
intrinsically altered, it can further improve our understanding on the unnoticed 
influences of the transgene on the fitness of the receiving organism. 
 
Phenotypic alterations caused by transgenes include physiological modifications, 
behaviour and tolerance of physical factors. Here, changes in physiological rates are 
addressed, as they can affect life history traits such as reproductive and offspring 
fitness (Kapuscinski & Hallerman 1990; Assem & El-Zaeem 2005). Previous studies 
have shown that transgenic techniques either have no effect on reproductive fitness 
on an individual, or can have a disadvantage in these transgenic organisms. For 
example, reproductive performances of GH-enhanced transgenic common carp 
(Cyprinus carpio) and channel catfish (Ictalurus punctatus) appear unaltered 
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 (Dunham et al. 1992; Chatakondi 1995; Dunham 1996). In contrast, sperm 
production of GH-enhanced transgenic Nile tilapia (Oreochromis niloticus) can be 
greatly reduced (Dunham & Devlin 1998; see Dunham 1999).  
 
To maximise their fitness, organisms in the wild have evolved to optimize growth 
and reproduction to synchronise with seasonal and spatial availabilities of resources, 
and environmental conditions (Devlin et al. 2004b). Therefore, with optimum 
environmental circumstance which avail the D. rerio, reproductive fitness of the WT 
and GFP transgenic zebrafish was compared under laboratory conditions. The 
measurable parameters of the reproduction system of fish that can be used to 
determine reproductive fitness includes sperm fertilizing ability, egg size, egg 
number, egg fertilizing ability, hatching rate, rate of larval development, and also the 
fitness parameters of the second generation (Kime 1999).  
 
3.2. Materials and Methods 
 
3.2.1. General rearing procedures 
 
All wild type (WT) and GFP transgenic D. rerio were separated by gender and kept 
in separate holding tanks as soon as the males and females could be differentiated. 
Fish were fed twice daily ad libitum to prime and enhance the breeding potential in 





 3.2.2. Pre-spawn fitness measurements  
 
3.2.2.1. Gonado-somatic index (GSI) 
 
The fitness of an individual can be easily determined by gonadal mass, which are 
crucial to reproduction and passing of their genetic material to the next generation 
(Øxnevad et al. 2002). The gonado-somatic index (GSI) of fish is most commonly 
used as a direct and accurate estimate of fish physiology and contribution of 
resources to gamete investment (Birkhead & Møller 1998; Mourente et al. 2001).  
 
GSI (%) = (gonad weight/ total body weight)*100 
 
I used three to four-month-old, primed zebrafish to determine the GSI of both males 
and females for both GFP and WT zebrafish. A minimum of 16 fish were used for 
each of the four groups of gonads to be collected. 
 
I killed fish by putting them on ice until they were motionless for more than 30 sec. 
Upon retrieving the individual, I patted the fish with a toilette twice on each side of 
the fish. Before dissection, I weighed each fish using a Mettler Toledo AX205 
balance with accuracy to 0.00001 g. Subsequently, I placed it the ventral side up on 
the dissection table, clipped from the urogenital opening between the anal fins to the 
ventral fins using a pair of dissection scissors, and cut the fish laterally across the left 
side of the fish to expose the gonads of the zebrafish.  
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 I gently removed gonads, from both males and females, using forceps and scalpel. I 
subsequently weighed them using the same Mettler Toledo AX205 balance. As the 
D. rerio were all primed to spawn, female gametes usually readily get squeezed out 
of the urogenital opening. I collected these unfertilized gametes and weighed with the 
rest of the retrieved gonads to obtain the total gonad weight. 
 
3.2.2.2. Gamete size 
 
To ascertain the size of the zebrafish egg, both GFP and WT females were primed to 
reproduce in a well-fed and optimum environmental condition (Westerfield 1995; see 
Chapter 2.2.2.). Before spawning, 25 GFP and 25 WT females were each stripped of 
sub-samples of 10 unfertilized eggs, and the eggs were measured along two different 
axes to obtain an estimate to egg diameter to the nearest 0.1 mm with a dissecting 
microscope outfitted with an ocular micrometer (Ojanguren et al. 1996).  
 
3.2.3. Post-spawn fitness measurements 
 
To determine the reproductive success of GFP and WT zebrafish, I examined five 
post-spawn fitness components, including female fecundity (number of eggs 
produced), male fertility (number of developing embryos), hatching rate (number of 
fry that emerged from the chorion), developmental rate (number of days to hatch) and 
growth rates. To do so, I paired males and females of both GFP and WT zebrafish in 
four possible mating permutations: (1) WT male / WT female; (2) GFP male / GFP 
female; (3) WT male / GFP female; and (4) GFP male / WT female. Eighty (40 males 
and 40 females) WT and 80 (40 males and 40 females) GFP transgenic zebrafish 
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 aged 4 - 5 months were used. I assigned them randomly to four groups of mating 
pairs, and kept them in individual tanks (29 x 19 x 18 cm) 18 h prior to the 
experiment. The water was maintained at 26 ± 1oC and the entire bottom of the 




Matings commenced when the lights were turned on at 0800 h. I collected newly 
produced eggs at 0900 h by siphoning the bottom of the tank, counted and reared in 
‘Sterilin’ Petri dishes (diameter 90 mm) until they hatched.  
 
 3.2.3.2. Fertility  
 
I examined the transparent eggs under a microscope to determine whether the eggs 
were fertilized by the presence of embryo development 4 - 6 h after spawning. 
Should the gamete be fertilized and the embryo developing, the embryonic shield can 
be observed developing within the transparent egg (Kimmel et al. 1995). 
 
3.2.3.3. Hatching rate and developmental rate 
 
To determine hatching success and developmental rate, I randomly chose a 
maximum number of 20 embryos and placed in individual Petri dish (to avoid 
overcrowding and contagious fungal spread) until they hatched.  
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 The hatch number (hatching rate) was defined as the total number of surviving larval 
that hatched completely from the egg. Developmental rate of eggs was defined as the 
number of days in which the larval took to entirely emerge. 
 
3.2.4. Larval development  
 
To examine the difference in larval growth rates between the GFP transgenic and WT 
zebrafish, I transferred each batch of hatched fry into a growing tank (29 x 19 x 18 
cm) to ensure maximum space for development, and removed any observed fries 
daily to prevent any infectious diseases from spreading. I fed fries twice a day with 
ad libitum paramecium and day-old Artemia, followed by thawed frozen blood 
worms and day-old Artemia from 30 days of age. I weighed WT and GFP transgenic 
zebrafish individually with a Mettler Toledo AX205 balance at 30, 60 and 90 days, 
respectively. To do so, I caught a fry out of the holding tanks and pat dry once on 
each side with a serviette before placing it into a glass vial with its weight previously 
determined. For each phenotype, I weighed 155 individuals at each age group. Each 
zebrafish, regardless of phenotype, was weighed only once throughout the course of 
this study. 
 
3.2.5. Fitness parameters of the second generation 
 
To examine the effects of mate pairing and generation on the reproductive success 
and offspring viability, I collected data on post-spawn fitness components for the 
following generation as did for first generation. I used only the phenotypically GFP 
transgenic and WT (offspring from WT/ WT pairings). GFP transgenic fish used 
47 
 were specifically hemizygous obtained from GFP/ WT conspecific matings. Non-
transgenic zebrafish (siblings of transgenic zebrafish which did not express the GFP 
muscle colouration) collected from the ‘first generation’ matings were omitted from 
this experiment. This was to ensure that the WT zebrafish used for the matings were 
not affected by transgenic techniques which may have an effect on subsequent 
mating success. 
 
Using the same methods as in Chapter 3.2.3., 10 pairs of zebrafish were allowed to 




3.3.1. Pre-spawn fitness measurements  
 
3.3.1.1. Gonado-somatic index (GSI) 
 
Gamete investment in the males and females of WT and GFP zebrafish was 
significantly different (females: t = 3.80, df = 41, P < 0.0001; males: t = 3.61, df = 
28, P < 0.01; Figure 3-1). Both WT males and females had a higher gamete 








































3.3.1.2. Gamete size 
 
There were no significant differences in egg size between the WT and GFP (Mann-
Whitney U-test: U = 30657, n  = n1 2 = 250, P = 0.71), although eggs produced by 




















Figure 3-2. Mean (± SE) egg size (mm) squeezed directly from sexually mature WT 
and GFP females. 
 
 
3.3.2. Post-spawn fitness measurements 
 
3.3.2.1. Fecundity, fertility, hatching rate and developmental rate 
 
The transgenic zebrafish had suppressed reproductive capabilities compared to WT 
counterparts. The pairs with at least one transgenic parent had significant reductions 
in reproductive fitness as compared to WT pairs (Two-way ANOVA: fecundity: F3, 76 
= 64.21, P < 0.0001; fertility: F3, 76 = 10.37, P < 0.0001; hatching rate: F3, 76 = 12.53, 
P < 0.0001; Figure 3-3). All the embryos hatched within four days, but hatching rates 
of embryos produced from the four mating permutations showed significant 
differences in the percentage of hatching embryos among the different days (Figure 
3-4).  
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Figure 3-3. Reproductive fitness of both WT and GFP transgenic zebrafish. (A) 
Fecundity (mean number of eggs spawn -1); (B) Fertility (mean number of fertilized 
eggs -1); (C) Percentage of fertilized eggs spawn -1; (D) Hatching numbers (mean 
number of hatched eggs spawn -1); and (E) Percentage of fertilized eggs that hatched 
spawn -1. Values are mean ± SE. Annotations with different letters indicate 
statistically significant differences (Tukey’s post-hoc: P < 0.05). 
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Figure 3-4. The percentage of embryos which hatched on day 2, 3 and 4 after 
spawning. Annotations with different superscripts indicate statistically significant 
differences (ANOVA, P < 0.05). 
 
 
3.3.3. Larval development  
 
Weight of both WT and GFP transgenic zebrafish showed significant increases at 
each of the three intervals (Kruskal-Wallis Test: P < 0.001 for all stages; Table 3-1). 
However, GFP zebrafish grew significantly slower than the WT ones at any given 
time during their first three months (Nonparametric Tukey Type Comparisons using 









Table 3-1. Mean (± SE) weight of WT and GFP juveniles at the respective ages. 




test: U value P value 
P < 0.0001 Month 1 0.02 ± 7.52E-04 0.01 ± 8.57E-04 3337.0 
P < 0.01 Month 2 0.20 ± 6.37E-03 0.18 ± 6.05E-03 9946.5 
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 3.3.4. Fitness parameters of the second generation 
 
No significant effect of generation on any of the fitness traits was found (P > 0.05 for 
all fitness components) (Table 3-2). However, there was a significant effect of mating 
pairs on all the fitness traits examined. The GFP zebrafish pairs (GFP male/GFP 
female) had significantly suppressed reproductive capabilities compared to WT 
counterparts (Figure 3-6). With compounded impacts from the initial fecundity 
differences, followed by a further decline in fertility and hatching rates, the final total 
numbers of transgenic offsprings were significantly reduced (fecundity: 2.9-fold; 
fertility: 3.3-fold; hatching rate: 12.1-fold). Mating pairs with one transgenic parent 
also showed a significant decrease in reproductive success and offspring viability.  
 
 
Table 3-2. Statistical test results used to determine significant differences among 
mating pairs and between the two generations. 
 
 λ F df P 
MANOVA 
Mating Pairs 0.121 41.183 9, 267 < 0.0001 
Generation 0.969 1.159 3, 110 NS 
 
ANOVA 
    Fecundity 
Mating Pairs - 112.911 3, 112 < 0.0001 
 
    Fertility 
Mating Pairs - 134.153 3, 112 < 0.0001 
 
    Hatch 

























































































































































Figure 3-6. Results from reproductive and viability fitness experiments. (A) 
Fecundity; (B) Fertility; and (C) Percentage of fertilized eggs spawn -1; (D) Hatching 
numbers and (E) Percentage of fertilized eggs that hatched spawn -1. Values shown 
are the average total means (± SE) of the four mating pairs in two generations. Post-
hoc Tukey tests were performed to determine significant differences between the 
fitness traits in mating pairs within a generation. Different letters indicate significant 





 3.4. Discussion 
 
Out of the six distinct fitness components widely recognized to have an impact on a 
population (Muir & Howard 1999, 2001), reproductive fitness in this study had 
encompassed four mechanisms which are affected by natural selection, either directly 
or indirectly. The four main elements include: female fecundity (clutch size), male 
fertility (male fertilization success), juvenile viability (probability of survival to 
sexual maturity) and age at sexual maturity. The results from my study here showed 
that the GFP transgene had significant effects on the reproductive success of 
zebrafish as WT reproductive fitness evidently far surpassed that of GFP transgenic 
zebrafish.   
 
Gonado-somatic indexes showed that the GFP transgene has a strong effect on the 
reproductive organs and possibly production of robust gametes: GFP males and 
females had only a smaller fraction of gonad to total body weight as compared to the 
WT counterparts (where percentage of transgenic zebrafish GSI index is 80.3% and 
74.7% of the WT for males and females, respectively). Therefore, it is inevitable that 
the gametes produced and fertilized by GFP transgenic zebrafish were inferior as 
compared to WT zebrafish. In addition, it seems that GFP females lack resources to 
produce larger eggs, though there was no significant difference in egg size between 
GFP and WT (see Figure 3-2). This phenomenon though minuscule can have adverse 
impacts on the quality of offspring subsequently produced, as there is a positive 
correlation between egg size, and growth and viability of fish larvae in other species 
of fish (Godfray & Parker 1991; Ojanguren et al. 1996; Gisbert et al. 2000), 
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 The GFP transgene also significantly reduced the post-spawning reproductive fitness 
including fecundity, fertility, hatching rate and developmental rate. The results show 
that WT males and females were more superior as compared to those of GFP males 
and females regardless of generation (Table 3-2). This phenomenon can be clearly 
observed when the reproductive fitness of different mating permutations were 
compared simultaneously in Figure 3-7. This disadvantage in reproductive fitness in 
the GFP transgenic zebrafish may be caused by the presence of the GFP gene or 
pleiotropy, where other non-target areas of the gene are altered due to the random 
insertion of the transgene (Dunham 1999; Sarmasik et al. 2002). Alternatively, since 
the GFP transgene is a protein, one may expect that the transgenic zebrafish should 
channel more energy to glowing green (Tsien 1998), a potentially useless mechanism 
in terms of optimal body function, leaving less or little energy left for other crucial 
physiological processes, e.g., growth and reproduction. A decrease in offspring 
numbers and viability of each clutch were also reported in other genetically modified 
organisms (Knibb 1997; Meliska & Bartke 1997; Muir & Howard 1999; Melamed et 
al. 2002), showing that reproduction in transgenic organisms may be one of the 
processes readily sacrificed with the use of transgenic techniques. However, GH 
transgenic catfish have similar spawning rate to the normal channel catfish 
(Smitherman & Dunham 1993), hence different transgenes may have different effects 























































Percentage of fertilized 
embryos spawn-1 (%)  
 
Figure 3-7. As reproductive fitness were similar within the various mating 
permutations, the results from fecundity, fertilized percentage per spawn and hatch 
percentage per spawn within the two generations were combined. Shaded circles, 
open circles, shaded triangles and open triangles represent WT ♂/WT ♀, GFP 
♂/GFP ♀, WT ♂/GFP ♀ and GFP ♂/WT ♀ mating pairs respectively. 
 
 
Moreover, GFP transgene might interfere with the growth rate of the zebrafish 
larvae, resulting in slower growth in GFP transgenic zebrafish (Figure 3-5). This 
indicated that GFP offspring had lower viability and will have a diminished 
populational increase due to the delayed age at sexual maturity. As there exists a 
positive size- dependency in several offspring performance traits, this lower rate of 
growth in the GFP transgenic zebrafish will be disadvantageous in terms of juvenile 
viability (Sinervo 1990; see Roff 1992). In addition, the age at sexual maturity for 
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 both WT and GFP transgenic zebrafish can be attained through calculations from 
comparisons of the growth rate differences, where WT zebrafish are predetermined to 
require 90 days to reach sexual maturity (Bauer & Goetz 2001; Ma et al.  2001; 
Gerhard 2003), hence GFP transgenic D. rerio will need 106 days instead (see Muir 
& Howard 2001). WT zebrafish appear to have an advantage in directly contributing 
genetic material to the following generation through earlier sexual maturity, 
producing more offspring at an earlier timeframe (Devlin et al. 1995, 2004a; 2004b).  
 
Through different mating permutations, the continual effects of parental reproductive 
fitness on offspring reproductive success were examined. The GFP transgenic 
zebrafish were permitted to mate with an unrelated WT, as it is deemed favourable 
via increasing one’s fitness through the expansion in genetic pool, hence reducing the 
probability of the inbreeding depression (ID) phenomenon (Gallardo et al. 2004). As 
inbreeding may result in decrease in reproductive success, lower viability and slow 
growth (Gjerde et al. 1983; Su et al. 1996), pairing unrelated WT and GFP zebrafish 
in the first generations will determine whether reproductive fitness increases when 
the second generation of transgenics (only phenotypically green zebrafish obtained 
from WT/ GFP matings were utilised) are allowed to mate with non-related wild 
types. However, my results show similar reproductive abilities of the various mating 
pairs in different generations, suggesting that the GFP zebrafish could not increase in 
fitness after being outbred, and that the GFP zebrafish population will continue to 
decline with each generation as compared to a wild type population. This empirical 
evidence shows that the GFP population should not increase as much as the WT as 
offsprings are significantly reduced in numbers, therefore, having implications on 
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 future GFP transgenic population should WT and GFP transgenic zebrafish are 
inadvertently or deliberately allowed to interact and reproduce (see Chapter 5). 
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 CHAPTER 4 
 
TRANSGENE EFFECTS ON ADULT VIABILITY  




For an adult, it is essential to be able to remain viable to contribute its genotype to 
the next generation. The limiting factors of survival are hence crucial in influencing 
the reproductive success of an individual. Any behavioural or phenotypic changes in 
the population can affect the foraging success and alter predator-prey relationships, 
hence the viability of any population. Here, adult viability is separated into intrinsic 
abilities and environmental factors.  
 
Intrinsic abilities of an organism include utilising the organism’s behaviour to 
influence and determine the survival of the individual (e.g. associative learning 
ability to recognize advantageous foraging patches versus risky situations). Thus, 
plasticity in behaviour conditioned through experience allows animals to learn about 
their environments rapidly and efficiently, without making costly mistakes, or 
wasting time on exploration (Laland & Williams 1997).  
 
As adult viability is influenced by the quantity and quality of food available in the 
habitat, conditions of low food accessibility or high population densities should be 
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 avoided by individuals of the population to enhance survival (Devlin et al. 2004b). In 
addition, with the ability to remember a profitable food patch, an individual can 
effectively forage through saving time and energy for optimum growth and survival 
(Hughes et al. 1992; Grippo & Heath 2003), hence previous learning experiences are 
crucial to an organism competing in a population. Many studies have also 
demonstrated that pleiotropy occurs, where transgenic individuals forage differently 
from their wild type counterparts (Zhang & Odenwald 1995; Hughes et al. 1996; 
Devlin et al. 1999; Guillén et al. 1999).  
 
Early detection of approaching predators is also one of the most important 
components of predator defence (Bertram 1878). Anti-predator behaviour decreases 
the chances of an individual or its conspecifics to be killed. This can be divided into 
two different categories: potential predator avoidance behaviour, and immediate 
response to advert a detected predator attack (see Lima & Dill 1990).  Since 
predators may vary across habitats (Curio et al. 1983; Endler 1986a) and during 
different stages of an individual’s life-cycle (Curio 1975; Blaxter & Hunter 1982; 
Magurran 1989) the ability to learn to recognize and avoid new predators is vital. It is 
also important for an animal to distinguish predators from non-predators, as failing to 
do so is likely to increase the risk of predation during an encounter, and defensive 
responses to non-predators are likely to result in lost foraging and mating 
opportunities (Chivers et al. 1996). Previous studies have shown that GH-enhanced 
transgenic fish feed exceedingly and continue to feed in known risky situations 
(Johnsson et al. 1996; Jönsson 1996; Abrahams & Sutterlin 1999). However, it is 
unclear whether the presence of the novel GFP transgene causes variations in food 
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 acquisition behaviour in the absence or presence of a known predator, having an 
adverse impact on individual survivorship. 
 
Besides achieving optimal conditions to survive in a given habitat, prey-predator 
relationships can also directly influence the conspicuous transgene population. 
Previous studies have demonstrated that traits conspicuous to counterparts may also 
be prominent to visual predators (see Zuk & Kolluru 1998; Rosenthal et al. 2001), 
increasing predation risk. This increase in trait conspicuousness almost always 
involves an increase in brightness, size or contrast with the background (Andersson 
1994). Notably, the GFP transgenic zebrafish in question is consistently fluorescent 
green, deeming them more precarious as they retain the colourations permanently (Ju 
et al. 1999). Therefore, to determine adult viability of the GFP transgenic zebrafish, I 
investigated the GFP transgene effects on associative learning of an advantageous 
foraging patch and avoidance of a previously exposed risky situation. By establishing 
possible predator preference for conspicuous colouration, it would offer an insight as 
to the transgenic organism’s vulnerability, hence survivability, in the natural 
environment. 
 
4.2. Material and Methods 
 
4.2.1. General rearing procedures 
 
All WT, GFP transgenic and non-transgenic zebrafish were kept separately according 
to their sex, age group and phenotype. They were kept in constant photoperiods of 14 
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 h: 10 h at 26 ± 1 oC, with constant aeration. The rearing conditions were used as in 
Chapter 2.2.2. 
 
4.2.2. Associative learning 
 
To determine whether the transgene had a direct or indirect behavioural effect on the 
receiving organism, I performed experiments to examine the ability to recognize food 
resources and to balance foraging against predation risk. The GFP, non-transgenic 
(transgenic siblings which did not show any phenotypic green colouration) and WT 
zebrafish were used. The non-transgenic zebrafish was also tested because it is 
essential to determine whether any alteration in behaviour is due either to the 
insertion technique or the presence of the GFP transgene. 
 




To test for capability to forage, I trained the test subjects to associate a blue 4-way 
cone worm feeder (4.5 x 6 cm, diameter x depth; in contrast to an orange one, 4.5 x 6 
cm) with freeze dried bloodworms for a period of 10 days in their holding tanks (60 x 
30 x 40 cm). I used the cone feeder to stop food from drifting around the tank and to 
localize feeding sites (Lachlan et al. 1998). As zebrafish are known to have the 
ability to recognize and differentiate various colours (Brockerhoff et al. 1997), I 
chose the blue cone worm feeder as the beneficial patch because the test subjects may 
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 already be visually attracted to orange colouration since they were fed regularly with 
day-old brine shrimp.  
 
Using suctions, I secured the blue and orange feeders centrally on each of the long 
sides of the tank 5 min before feeding commenced. About two thirds of the conical 
feeder was placed below the water surface to facilitate feeding ease. I drained 
thawed, freeze dried bloodworms and patted them dry with serviettes before gently 
introducing them into the blue feeder with a pair of tweezers. I introduced small 
quantities of the worms each time to ensure that the food would not stray exceedingly 
from the perforated blue container. The zebrafish could gain access to the food by 
swimming beneath or around the feeder. They were allowed to feed ad libitum, and 
both feeders were removed simultaneously when they had stopped consuming from 
the feeder for more than 5 min. All the feeders were immediately washed thoroughly 
with soap and water after each trial to ensure that the smell of food would not be 
embedded in the plastic container. I fed fish twice a day, once in the morning (at 
0900 h) and once in the evening (1700 h). 
 
4.2.2.1.2. Learned experience 
 
I carried the experiments with individual fish and in groups with empty orange and 
blue feeders within a glass arena (60 x 30 x 40 cm) from 0900 to 1100 h. For 
acclimatization purposes, I put test fish into the experimental tanks at last 18 h before 
trials began in the next morning. I then placed two empty feeding containers (one 
orange and one blue) simultaneously into two extreme ends of the length of the 
experimental tank to determine whether the zebrafish learnt to associate the blue 
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 container with food (Figure 4-1). In addition, the locations of the feeders were 
























Figure 4-1. Experimental set-up for testing an individual zebrafish that was starved 
and allowed to forage. The fish was pre-conditioned to associate the blue feeder to a 




4.2.2.1.2.1. Individual tests 
 
In tests with individual zebrafish, I defined a choice made by the fish as the first nip 
performed on either coloured container. In addition, I recorded the time taken to 
make first contact with the right container. The test lasted for 5 mins (300 seconds). 
If the experimental fish did not make any contact within 5 mins, I considered the fish 
being incapable of learning.   
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 4.2.2.1.2.2. Group tests 
 
Zebrafish do not normally exists as individuals in their ecological niche, tending to 
school in groups while foraging. Therefore, to determine whether foraging reaction 
of fish differed when testing them in groups, I examined foraging efficiency as a 
group by permitting shoals of 10 zebrafish (5 males and 5 females) from the same 
phenotypic group to forage together in the same experimental setup as above. 
Timings were taken from the time when the coloured containers were placed in the 
tank to the commencement of nipping by the first individual and that of the ninth 
individual (90% of the group). 
 
4.2.2.2. Threat recognition and avoidance 
 
In a risky situation, nearby conspecifics and heterospecifics may respond to the 
presence of emitted alarm substance (Schreckstoff, probably hypoxanthine-3(N)-
oxide) with anti-predator behaviour (Smith 1992; Mathis & Smith 1992, 1993; 
Fuiman & Magurran 1994; Wisenden et al. 1995), hence the capability to recognize 
Schreckstoff and relate it to a risky situation is of great importance. An anti-predator 
response is determined when there is a significant decrease in ‘activity’ and a 
significant increase in ‘time near bottom’ (Lawrence & Smith 1989; Korpi & 
Wisenden 2001). Zebrafish are known to associate risk with the alarm substance 
(Schreckstoff) emitted in skin extract (Suboski et al. 1990; Hall & Suboski 1995; 




 4.2.2.2.1. Preparation 
 
I conducted experiments to examine whether the GFP transgene would affect the 
ability of zebrafish to avoid predators in an aspect of recognizing potential hazards 
and maximizing their survival by their learning aptitude in relating Schreckstoff with 
danger. To prepare for alarm substance stimulus, I killed a pair of WT adult male and 
female zebrafish by cervical dislocation and made 20 cuts on each flank of each 
individual with a razor blade (Korpi & Wisenden 2001). I collected the alarm 
substance by gently dribbling a total of 40 ml of dechlorinated tap water over both 
donors. I strained the solution collected with a coffee filter to remove any impurities 
washed out with the Schreckstoff and used the collected stimulus within 10 min of 
preparation (Korpi & Wisenden 2001). One cm2 of zebrafish skin produces about 10 
000 l of active Schreckstoff volume, or a sphere 3.9 m in diameter (Gandolfi et al. 
1968), hence two zebrafish should be more than sufficient to produce an immediate 
fright response in a experimental tank for the timed trials (60 x 30 x 40 cm). 
 
I used the Schreckstoff collected in four experimental treatments excluding controls 
in which only dechlorinated water was used: (1) Schreckstoff only; (2) Schreckstoff 
and food; (3) predator odour conditioning and (4) predator odour only (Table 4-I). I 
used only 10 ml of prepared Schreckstoff or mixtures in these experimental groups.  
 
In experimental group 2, I used brine shrimp as food and added them into the test 
tank simultaneously with the prepared alarm substance. To prepare for this mixture, I 
drained 1 ml of densely populated brine shrimp and washed them with dechlorinated 
water via a coffee filter before mixing with the alarm substance for immediate use. 
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Previous studies showed that odours produced by a wide range of fish can be 
recognized by prey, eliciting a conditioned fright reaction (see Magurran 1989). To 
determine whether GFP transgenic zebrafish were willing to forage under risky 
conditions, I collected novel predator odours from four aquariums each with a single 
snakehead, Channa striata, which were fed primarily guppies (Poecilia reticulate) 
and had occupied its aquarium for more than six months. The holding water was 




Table 4-1. Summary of the items required for quantitative data collection for 
response to the alarm cue, Schreckstoff. Here, (4a) represents the infusion needed for 
Pavlovian conditioning of the zebrafish, while (4b) was utilized for determining 




Treatment Solutions/ Mixture Preparation 
1 Control Dechlorinated tap water 
2 Schreckstoff only Donor zebrafish + Dechlorinated water 
3 Schreckstoff and food Donor zebrafish + Brine shrimp 
Donor zebrafish + Filtered Channa 
striata holding water 
Predator Odour 
Conditioning 4a 




To obtain Schreckstoff, I used the holding water which contained snakehead odour in 
replacement of dechlorinated water to flush the zebrafish donors. The resulting 
mixture was filtered and homogenised before 10 ml was used for the conditioning of 
the zebrafish pairs (conditioning for experiment set 4). For subsequent testing to 
determine whether the zebrafish were able to associate the novel predator odour to a 
risky situation, only the C. striata water was filtered and used. 
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 4.2.2.2.2. Paired tests 
 
I tested WT, non-transgenic and GFP transgenic zebrafish in pairs in their respective 
colours. I conducted four different experimental sets to determine behavioural 
differences amongst each treatment. In each experimental set, I chose 20 paired 
zebrafish randomly from each phenotype (WT, GFP transgenic and non-transgenic). 
Each pair consisted of one adult male and one adult female. A total number of 240 
pairs of zebrafish were tested: (1) control (n = 60); (2) Schreckstoff only (n = 60); (3) 
Schreckstoff and food (n=60); and (4) predator odour only (n=60). No fish were used 
twice in these tests.  
 
The experiments were used to ascertain whether the naïve zebrafish were able to 
associate risky conditions with the alarm substance, Schreckstoff. In addition, with 
food (brine shrimp) as bait, the tested fish were presented with two opposing 
tendencies simultaneously, that is, to flee or to feed, and hence the need to 
continuously feed in a dangerous patch in each zebrafish population was established. 
I used controls (with dechlorinated water only) to ensure that there were no 
behavioural changes due to the disturbances at the water surface when the mixtures 
were added into the experimental tank. Conditioned experiments (experimental set 4) 
were conducted as in Chapter 4.2.2.2.1. 
 
I drew a lined grid of nine cells (20 x 10 cm) on the longitudinal side of each 
experimental tank (60 x 30 x 40 cm) to facilitate recording two-dimensional positions 
of fish. I used a digital video camera (either models NV-GS70EN or NV_MX500EN) 
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 to record the behaviour of test fish. All experiments were conducted between 0800 to 
1100 h.  
 
To prevent contamination or introduction of other odours, I rinsed the test fish for 1 
min under dechlorinated water before introducing them into the experimental tanks. 
In addition, I emptied the experimental tanks of any water and alarm substance, and 
thoroughly washed it with tap water before subsequent tests commenced. I left each 
pair of zebrafish in the experimental tank for 5 min before the tests. In each test, I 
placed a 10 ml dispenser about 2 cm above the water level to dispense the prepared 
liquids during the tests. As a standard testing protocol, I recorded the number of 
times each zebrafish crossed a grid for 5 min prior to the stimulus presentation 
(baseline observations/ pre-stimulus phase). I then added a total of 10 ml of stimulus 
into the tank by gently dripping the required infusions at a speed of approximately 2 
ml/ sec at the start of the experiment (Figure 4-2). After the introduction of the 
chemical stimulus (i.e. mixtures for controls, Schreckstoff or predator odour), I 
observed and recorded anti-predator behaviours for another 5 min (post-stimulus 
phase) as individuals that sense Schreckstoff will respond with a fright reaction 
which may involve dashing, freezing, hiding, area avoidance or increased shoaling 
(Magurran 1990; Smith 1992; Krause 1993; Hartman & Abrahams 2000; Korpi & 
Wisenden 2001). Here, I referred to an anti-predator behaviour as an increase or 
decrease in movement, collective horizontal and vertical positions, and clumping/ 
shoaling. I calculated behavioural movement (‘activity’) as the number of times each 
fish completely crossed the grid lines (Figure 4-2). An intersection was determined 
when a zebrafish had completely crossed the line, hence observations of partial body 
parts over a line or touching the grids were eliminated from the data. If the test fish 
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 swam across any of the 6 crisscross intersections created by the grid lines, I recorded 
the movement as two counts. I counted the number of intersections by both 
individual fish and totaled for each pair set. I examined the changes in movement in 



























Figure 4-2. Experimental set-up used for conditioning Schreckstoff to a predator 
odour and quantification of alarm response in paired zebrafish. Grids drawn on the 
longitudinal side of the tank quantify the horizontal and vertical location, and the 
clumping index of the zebrafish. These frames were also used to determine 
swimming activity for the experimental pairs. All mixtures were added into the tank 




In addition, the grids function to allocate the experimental subjects’ vertical and 
horizontal locations with respect to the source of stimulus. I recorded the locations of 
the two zebrafish at 30 sec intervals over each 5 min observation period, starting 30 
40 cm 
30 cm 
10 cm  
20 cm      
Different 
substances added 
at 2 ml/ sec 
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 sec after introduction of the infusions, from 0 min at the start of the post-stimulus 
phase to eliminate initial behavioural adjustments. If a zebrafish was positioned 
between quadrants, then the quadrant in which more than 50 % of the individual was 
sited was scored as its location. Scores were designated according to the risk factor, 
where the bottom grids were scored 0.0, ascending second, third and forth vertical 
zones 0.5, 1.5 and 2.5, respectively (Figure 4-3). Similarly, the horizontal location of 
the fish were recorded from left to right as 0.0, 0.5 and 1.5, respectively, since the 
stimulus was always introduced from the right with respect to the observer (Figure 4-
2). A linear scale was not used, so that should all the experimental test subjects 
exhibit full alarm response at 0.0 (left-most bottom quadrant), the scores were 
slightly lower than the other quadrants (see Suboski et al. 1990; Hall & Suboski 
1995). To calculate an index of vertical and horizontal location, each post-stimulus’ 
averaged sum was divided by its value added to the mean of the baseline observation 
sums. Therefore, the resulting index varied from 0.0 to 1.0, where an index of 0.5 
meant that post-stimulus and baseline observations were similar, and at 0.0, all test 
fish were displaying full alarm (observed at the left-most bottom quadrant). The 
horizontal and vertical location indexes were calculated separately. 
 
Shoaling, as a form of anti-predator response, was defined as the number of cells 
occupied by the pair of test fish. Similarly, clumping was observed at 30-sec intervals 
for 5 min (see Waldman 1982). Here, clumping index varied from 0.0 to 2.5. If a pair 
of zebrafish was positioned within the same frame, clumping index was at 0.0. 
However, if an individual was sighted in another frame, adjacent to one another, the 
clumping index was 0.5. If the pair was separated by one or two (i.e., when both fish 
were located at opposite ends of the tank) frames, the clumping index was at 1.5 and 
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 2.5, respectively. The individuals were considered in a specific frame within the grids 
when more than 50% of an individual was located in it during the 30-sec intervals. 
The shoaling index was calculated as the vertical and horizontal index, where an 
index of 0.5 meant that the post-stimulus and baseline observations were similar, and 
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Figure 4-3. The scoring for (A) vertical and (B) horizontal location index based on 
grids drawn on the longitudinal side of the tank. The horizontal index is keyed with 
respective to the position of mixture introduction as according to the observer’s view.  
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  4.2.2.2.3. Associative predator recognition  
 
For experiments pertaining to mixtures 1 to 3, no prior conditioning of the zebrafish was 
required, as recognition of Schreckstoff from conspecifics in naïve fish populations was 
previously documented (e.g. Magurran et al. 1996). Moreover, previous experiments 
have shown that zebrafish are able to learn to fear novel stimuli when the novel stimuli 
are presented simultaneously with Schreckstoff (Suboski et al. 1990; Hall & Suboski 
1995; Korpi & Wisenden 2001). Therefore, I conducted experimental treatment 4 to 
determine whether the different populations of zebrafish were able to associate 
Schreckstoff with a risky situation and whether avoidance behaviours in WT and GFP 
transgenic zebrafish differed.   
 
The experimental set-up for conditioning of the zebrafish was the same as that of the 
above experiments (Figure 4-2). All zebrafish were trained to associate the predator 
odour 24 h before experiment 4 commenced. For acclimatization purposes, the 
experimental pairs of zebrafish were placed in a holding tank (60 x 30 x 40 cm) 5 min 
before administering the conditioning infusion. The mixture containing alarm cues and 
predator odour (see Chapter 5.2.2.2.1) was then dispensed by gently dripping the mixture 
approximately 2 cm above the water level. The fish were left undisturbed for 30 min 
until they were removed from the tank. After each test, the aquarium was cleaned and 
filled with fresh dechlorinated fresh water. The zebrafish were ‘washed’ and returned to 




 4.2.3. Predation 
 
In addition to mate selection, it is likely that any pre-existing female biases will be 
shared with predators (Andersson 1994; Gong & Gibson 1996; Jennions et al. 2001). 
These attributes make it likely that any trait that is conspicuous to potential mates will 
also be conspicuous to predators (Lima & Dill 1990; Magnhagen 1991; Zuk & Kolluru 
1998; Rosenthal et al. 2001).  
 
In this part, I tested the hypothesis that visual predators would attack conspicuous GFP 
transgenic zebrafish more often than they attacked WT counterparts. As there existed 
several problems with obtaining the ideal visual predator to use in the experiment, the 
‘predator’ used here was an adult WT zebrafish while the ‘prey’ were juveniles. This is 
possible as cannibalism is commonly observed in a starved population of either GFP or 
WT zebrafish (personal observations). 
 
Adult (‘predator’) and juvenile (‘prey’) zebrafish used were aged between four to five 
months-old and at six weeks-old, respectively. One hundred adult and two hundred 
juvenile zebrafish were used in this study. Twenty-five males and another 25 females of 
each GFP and WT phenotype were allowed to cannibalize the juveniles. All juveniles 
used and paired together for predator choice were similar in length (WT total length: 
0.84 ± 0.01 cm; GFP total length: 0.82 ± 0.01; Mann-Whitney U test: U = 4622.5, n  = n1 2 
= 100, NS). The adults were deprived food for 72 h before the start of the experiment. In 
contrast, juveniles were allowed to feed normally at ad libitum before the tests.  
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 Within a confined environment of an aquarium (29 x 19 x 18 cm), an adult zebrafish was 
placed with two juveniles, one WT and another GFP. Experiments lasted for 24 h, and 
the death or absence of a juvenile were then recorded as the preferred food choice made 




4.3.1. Associative learning 
 
4.3.1.1. Cognitive to forage 
 
The results from testing individual zebrafish showed that WT, non-transgenic and GFP 
transgenic zebrafish chose the blue feeder more often than they chose the orange feeder 
(Table 4-2). In addition, the mean latency for the GFP transgenic zebrafish to nip at the 
correct feeder was significantly longer than that of WT zebrafish (non-parametric Tukey-
type multiple comparison, using the Nemenyi test: Q = 3.77, P < 0.001; Figure 4-4). 
However, the non-transgenic zebrafish’s performance did not differ significantly from 
GFP transgenic and WT (non-parametric Tukey-type multiple comparison, using the 
Nemenyi test: non-transgenic vs. WT: Q = 2.01, P > 0.05; non-transgenic vs. GFP 





 Table 4-2. Results from the individual choice test in associative foraging behaviour for 
WT, GFP transgenic and non-transgenic zebrafish.  
 
 




coloured Blue coloured Neither 
WT 52 6 2 
2χ  = 36.48; 
P < 0.001 
GFP 33 15 12 
2χ  = 6.75;  
P < 0.01 
2χ  = 23.12; 



















































Figure 4-4. Mean (± SE) latency taken to ‘forage’ at the respective coloured food feeder 





 Results from group tests showed that there were significant differences in the mean 
latency taken to the first nip at the correct food feeder made by WT zebrafish, the non-
transgenic and transgenic zebrafish. The WT zebrafish groups took significantly less 
time to react to the food associated feeder with a first nip (5.67 ± 0.36 sec) than GFP 
(7.57 ± 3.09 sec) and non-transgenic zebrafish (7.37 ± 2.62 sec) did (ANOVA: F2, 87 = 
4.85, P < 0.05). However, there were no significant differences amongst the latency the 
whole group (all the ten individuals in each sample) took to nip at the feeder, and the 



















































Figure 4-5. Mean (± SE) latency taken to ‘forage’ at the respective coloured food feeder 
by groups of 10 zebrafish from the same populations of zebrafish. Post-hoc Tukey tests 
were performed to determine significant differences between the first nip, last nip and 
time lapsed between these two timings in the different population groups. Different 
letters indicate significant difference within groups, where X, X’ and X’’ indicate Post-
hoc Tukey comparisons made within each parameter measured. 
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 4.3.1.2. Threat recognition and avoidance 
 
The responses of all zebrafish pairs to stimuli from the three treatments were 
significantly different. The movement behaviours of the zebrafish were greatly reduced 
when compared to their baseline movement frequencies. However, there was no 
significant difference in any movement behaviour amongst WT, GFP transgenic and 
non-transgenic zebrafish (Table 4-3). In controls, zebrafish did not react significantly to 
the disturbance caused by the addition of the stimuli. However, significant reductions in 
behavioural activities were observed in the other three treatments, with the greatest drop 
in movement frequency by WT pairs in all three treatments. Post-hoc Tukey comparisons 
showed that the GFP pairs’ movements were not significantly reduced as much as those 
of the WT and non-transgenic pairs in Schreckstoff only and predator only treatments 
(experimental sets 2 and 4; see Figure 4-6). In experimental set 3 (Schreckstoff and food 
treatment), movement frequencies were significantly different in all the three population 
pairs, with the non-transgenic pairs’ frequency decreasing more than the GFP pairs, but 
less than the WT pairs. 
 
There were also no difference in the vertical and horizontal locations and clumping index 
in the control experiments. However, all the other three treatments caused a drastic drop 
in baseline location and clumping indexes, exhibiting fright reaction in all the zebrafish 
pairs. The drop in the horizontal, vertical and clumping indexes were not significantly 
different between the zebrafish pairs (Kruskal-Wallis Test: P > 0.05; see Table 4-3 and 
Figures 4-7, 4-8, and 4-9). However, there were some significant differences between the 
groups: vertical index for Schreckstoff only at 90 sec, horizontal index for odour only at 
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 240 sec, and clumping index for Schreckstoff only at 60, 120, 240 and 270 sec (Kruskal-
Wallis Test: P < 0.05). Comparisons amongst different treatments showed that there 
were significant differences amongst all treatments at all the observation timings for both 
the vertical and horizontal indexes (Multivariate Test: P < 0.0001). In addition, there 
were significant differences at all times (Multivariate Test: P < 0.05) except at 30, 60 and 
120 sec in the clumping index.  
 
Table 4-3. Multivariate statistical test results used to determine significant differences in 
location of the zebrafish in the experimental set-up and their clumping indexes among 
different treatments and different populations (WT, GFP and non-transgenic). 
 
 df P λ F 
Vertical location 
Treatment 0.481 6.081 30, 643 <0.0001 
Population 0.939 0.701 20, 438 NS 
Treatment x Population 0.861 0.556 60, 1152 NS 
     
Horizontal location 
Treatments 0.326 9.989 30, 643 <0.0001 
Population 0.899 1.191 20, 438 NS 
Treatment x Population 0.810 0.788 60, 1152 NS 
     
Clumping index 
Treatment 0.621 3.775 30, 643 <0.0001 
Population 0.926 0.856 20, 438 NS 





































































Figure 4-6. Mean (± SE) change in frequency of movements intersecting the grids when 
zebrafish were exposed to different stimuli. ‘Predator Odour only’ treatment was 
measured after conditioning of the zebrafish was performed to determine the presence of 
any conditioned behaviour through previous experience. Different letters indicate 
significant difference within groups, where X, X’, X’’ and X’’’ indicate Post-hoc Tukey 













































































































Figure 4-7. The vertical index relative to baseline (0.5) for WT, non-transgenic and GFP 
transgenic zebrafish under different infusions (A) Control; (B) Schreckstoff only; (C) 
Schreckstoff and food; and (D) Predator odour only (shown observations made after 
conditioning of the zebrafish was performed). The degree of alarm is inversely related to 
the index value, where scores near 0.0 indicate intense alarm reactions. Standard errors 















































































































Figure 4-8. The horizontal index relative to baseline (0.5) for WT, non-transgenic and 
GFP transgenic zebrafish under different infusions (A) Control; (B) Schreckstoff only; 
(C) Schreckstoff and food; and (D) Predator odour only (shown observations were made 
after conditioning of the zebrafish was performed). The degree of alarm is inversely 
related to the index value, where scores near 0.0 indicate intense alarm reactions. 













































































































Figure 4-9. The clumping index relative to baseline (0.5) for WT, non-transgenic and 
GFP transgenic zebrafish under different infusions (A) Control; (B) Schreckstoff only; 
(C) Schreckstoff and food; and (D) Predator odour only (shown observations were made 
after conditioning of the zebrafish was performed). The degree of alarm is inversely 
related to the index value, where scores near 0.0 indicate intense alarm reactions. 







 4.3.2. Predation 
 
Both GFP and WT male or female zebrafish did not exhibit any preference for GFP or 
WT juvenile zebrafish (Table 4-4).  
 
 
Table 4-4. Results from predator choice made after 24 h by starved WT and GFP 
zebrafish adults on juvenile prey choice. 
 
 
Choice of Juvenile Phenotype 
 
WT GFP Neither 
Test for 
Goodness of Fit 
2WT Male 8 10 7 χ  = 0.22; NS 
2WT Female 11 12 2 χ  = 0.04; NS 
2GFP Male 11 10 4 χ  = 0.05; NS 






Factors dependent and independent of genetic code have an adverse impact on an 
organism’s viability (Devlin et al. 2004a). While behavioural response and habitat 
suitability can affect adult viability, my results showed that the presence of the GFP 
transgene, and not the insertion technique, caused variations in situational behavioural 
response in terms of foraging and predator avoidance. In general, non-transgenic 
zebrafish (phenotypically WT siblings of the GFP transgenic zebrafish) exhibited 
behaviour more similar to WT zebrafish with quicker reaction to beneficial patches and 
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 threat avoidance compared to GFP transgenic ones. However, my results also showed 
that GFP transgenic as often as WT zebrafish were attacked by predators. Therefore, 
adult viability of GFP transgenic zebrafish is slightly reduced compared to WT due to 
these intrinsic behavioural and phenotypic differences. 
 
4.4.1. Associative learning 
 
Behavioural variation in learning abilities can determine an individual’s survival as it is 
crucial to effectively learn things about its environment to be able to respond in adaptive 
ways (Griffin et al. 2000). It is these behavioural and other morphological expressions 
that reflect the organism’s ability to respond phenotypically to its environment (Davis et 
al. 2005). I provided evidence that there are differences in foraging and predator 
avoidance behaviours amongst the GFP transgenic, WT and non-transgenic zebrafish. 
This was also reported in the transgenic and WT conspecifics of GH-enhanced fish, 
where GH-transgenic fish were observed to continuously forage even in the presence of a 
known predator (e.g. Johnsson et al. 1996; Jönsson et al. 1996; Abrahams & Sutterlin 
1999). These behaviours are believed to have been initiated by the growth hormone 
construct, which requires the transgenic individuals to feed consistently allowing it to 
grow physically faster.  
 
4.4.1.1. Cognitive to forage 
 
Feeding behaviour was determined for all the three groups of zebrafish because feeding 
impairment can have repercussions on an individual’s survivorship, growth and 
reproductive capacity (Grippo & Heath 2003). Moreover, food availability fluctuates 
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 according to the environmental ecosystem productivities, hence learning is valuable for 
choosing among habitats with differing food values (Devlin et al. 2004b). In this study, 
the locations of the blue and orange floating feeders were randomly switched around so 
that the experimental subjects could not associate location of the feeders with a 
beneficial feeding patch. Instead, recognition of the correct colour of the feeding cone in 
these visual D. rerio is therefore essential to foraging success. The retention of prey 
location information is potentially important to foraging success (Grippo & Heath 2003), 
and my results in this study showed that all three population groups of zebrafish had no 
difficulties in identifying the best foraging location. Although individuals foraging on 
their own occasionally nipped at the incorrect coloured food feeder (see Table 4-2), all 
the tested zebrafish groups did not commit the same mistake, and all of them correctly 
nipped only at the blue feeder. Thus, my results support the hypothesis that there is an 
increase in foraging success in shoaling fish species (see Krause et al. 2000), where 
choosing the most profitable habitat will increase the whole group’s food consumption 
per unit of foraging time, while reducing the time and energy spent traveling between 
patches (Hughes et al. 1992). 
 
However, the time taken by the three types of zebrafish were significantly different 
regardless of whether they were foraging individually or as a group, with GFP zebrafish 
consistently taking the longest time to reach the conditioned feeding patch (Figures 4-4 
and 4-5). This significant decrease in immediate response to the feeding patch may 
reduce feeding efficiency, hence for a given time period, GFP zebrafish will spend more 
energy in searching, and the actual food consumption over that time period may be 
greatly reduced compared to the non-transgenic and WT conspecifics (Grippo & Heath 
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 2003). As there is a direct relationship between growth and food consumption, drastic 
reduction in consumption can affect general budgets, where 
 
Consumption = Growth + Egestion + Ingestion + Metabolism + Work. 
 
Therefore, if GFP transgenic zebrafish were unable to acquire food efficiently, then the 
life history, reproductive, and (potentially) ecological implications can be profound 
(Grippo & Heath 2003; see also Chapter 3 on differences in juvenile growth). 
  
4.4.1.2. Threat recognition and avoidance 
 
Learning of an environment also includes a prey’s ability to avoid predators. My results 
in this study showed that WT, GFP transgenic and non-transgenic zebrafish responded 
immediately to Schreckstoff, Schreckstoff and food, and predator only stimuli. When 
predators gain an advantage over their prey by hunting under low light conditions (Munz 
& McFarland 1973; Helfman 1986; Pitcher & Turner 1986), chemical information 
remains a very important source of environmental information for the assessment of 
predation risk (Dawkins & Krebs 1979; Weldon 1990; Wisenden et al. 1999). Unique to 
the ostariophysi, specialized epidermal cells contain an alarm substance, Schreckstoff, 
which consistently induces a response to the odour even in the absence of a predator if 
the perceived risk of predation is high (Pfeiffer 1962, 1977; Nelson 1994; Brown & 
Smith 1996; Irving & Magurran 1997; Hartman & Abrahams 2000). For instance, von 
Frisch (1941) discovered that minnows reacted more vigorously to alarm substance 
(Schrekstoff), if it was present along with pike odour. Gotz (1941) showed that blind 
minnows (Phoxinus phoxinus) displayed fright response to pike odour alone if they had 
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 previously experienced it in conjunction with alarm substance. George (1960) found that 
water taken from tanks which had housed the esocids Esox americanus and E. niger 
produced a fright response in the mosquitofish (Gambusia patruelis). Other studies also 
demonstrate that when the alarm substance has been paired with either the odour or sight 
of a potential predator, these cues will subsequently elicit a stereotypic fright response in 
previously naïve fish (see Chivers & Smith 1994a, b). This anti-predator response to 
conspecific cues confers a fitness benefit (i.e. increased survival due to increased time to 
the first attack), and should occur in the prey species whether the reaction is immediate 
or a long-term behavioural change (Smith 1997; Wisenden et al. 1999). In addition, the 
learning and behavioural response should be plastic and adaptive, like in fathead 
minnows which had been trained to fear the sight of a common goldfish or a red light 
through the use of Schreckstoff (Chivers & Smith 1994a; Yunker et al. 1999).  
 
Fright reaction evoked by the presence of conspecific Schreckstoff was also present in 
zebrafish. Upon recognition of novel pike odour associated risks, zebrafish reduced their 
swimming activity and increased their time spent near the tank bottom (Korpi & 
Wisenden 2001). During foraging, zebrafish generally choose dense swarms of prey 
items over less profitable lower densities. When presented with conspecific alarm 
pheromone, they switch to the less profitable patch presumably in order to minimize 
predation risk (Jakobsen & Johnsen 1989). In addition, presentation of Schreckstoff and 
novel cues like human-synthesized chemical morpholine and a flashing red light also 
elicits an alarm response in zebrafish, showing plasticity in zebrafish responses to 
Schreckstoff as they meet the criteria for Pavlovian conditioning (Suboski et al. 1990; 
Hall & Suboski 1995). 
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 The zebrafish in my study reacted similarly to the conspecific alarm substance as in 
previous studies (Waldman 1982). The WT, GFP transgenic and non-transgenic 
zebrafish swam excitedly and moved toward vertical and horizontal zones of less risk 
when exposed to the different infusions. The significant increase in clumping was also 
observed in these zebrafish compared to each pair’s baseline values (Figure 4-9). The 
sequential activities include initial behaviours of approaching the source of Schreckstoff 
with apparent tasting movements, rapid darting around the tank, forming a compact 
group, followed by moving to the substrate to remain swimming slowly for varying 
periods of time (see Waldman 1982). The initial advancement to the stimulus is 
dangerous yet advantageous. As prey may increase their fitness by initially remaining 
close to the source, yet increasing their vigilance (Brown & Smith 1996), so as to allow 
the prey to monitor predator activity, and to better learn to associate and learn of the 
predator (Wisenden et al. 1995; Brown & Godin 1999; Korpi & Wisenden 2001). 
Subsequently, rapid darting of individuals coming into contact with the alarm substance 
may visually alert other fish in the school to the presence of danger in the premises 
before clumping and hiding from the source of danger to reduce predation risk 
(Waldman 1982; Magurran 1994; Lachlan et al. 1998; Krause et al.  2000). 
 
Majority of WT and non-transgenic zebrafish reacted similarly in this order, showing 
efficient fright response to Schreckstoff and the learned novel odour of Channa striata. 
Although all the three types of zebrafish reduced their movements after the introduction 
of the different stimuli (excluding control experiments), WT and non-transgenic ones 
were observed to significantly reduce their movements compared to GFP transgenic ones 
(Figure 4-6). In addition, movement frequencies did not reduce as much in the 
Schreckstoff and food experiments in the GFP populations, as some individuals 
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 continually fed upon the introduced brine shrimp (-33.70 ± 6.90). Although this 
phenomenon is not significantly different compared to the drop in GFP zebrafish 
movement in Schreckstoff only and predator odour only experiments, this shows that the 
GFP transgenic zebrafish continuously moved around and fed in a dangerous situation, 
similar to other transgenic organisms (see Johnsson et al. 1996; Jönsson 1996; Abrahams 
& Sutterlin 1999). In the other transgenic organisms tested, the GH inserted in the 
organism may have had induced the organism to continue feeding in the risky situation 
as it increases the organism’s appetite for increased growth (Abrahams & Sutterlin 
1999). In my study, GFP transgene might not directly affect the appetites of the 
transgenic zebrafish to enhance growth, but the expression of GFP gene might also 
require energy to glow (Tsien 1998), hence might indirectly increase the required food 
intake for the organism for optimal survival. Although hungry fish are less responsive to 
predators than satiated fishes (Magnhagen 1988; Gregory 1993), all the zebrafish used 
here were not starved and were all fed ad libitum on the previous day, thus hunger level 
might not affect the predation-avoidance behaviour of GFP transgenic zebrafish. 
Therefore, since the reduction of movement minimizes detection from the predator 
(Smith 1992), the lack of sufficient anti-predator response in GFP transgenic zebrafish 
may reduce their survivability. 
 
Most of the zebrafish pairs preferably stayed near the bottom or on the left in the 0.0 
indexed horizontal zone. Although at only certain intervals in the vertical, horizontal and 
clumping indexes in the experiments were significantly different, the indexes for all the 
three factors measured were generally lower in WT than in GFP transgenic ones (Figures 
4-7, 4-8 and 4-9). Some WT and non-transgenic pairs even showed extreme alarm by 
clumping constantly and staying motionlessly close to the substrate in the left most side 
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 of the experimental tank. On the other hand, some GFP zebrafish pairs showed extreme 
alarm by clumping close to the water surface, instead of moving to the substrate. 
Therefore, this indicates that WT and non-transgenic zebrafish exhibit the fright response 
more effectively than GFP transgenic ones. 
 
Ideally, alarm observations in GFP transgenic zebrafish should have been conducted in 
the field, as mixtures of odours in a natural setting may induce different behavioural 
responses according to the context in which they are encountered (Magurran et al. 1996; 
Irving & Magurran 1997). However, the current release of the transgenic zebrafish into 
the environment is not legally allowed. Moreover, previous field experiments in other 
fish species show alarm reactions to Schrekstoff (Mathis & Smith 1992; Chivers et al. 
1995; Smith 1997). Nevertheless, should differences in predator alarm response differ in 
the natural habitat, fishes tested in the laboratory should exhibit stronger reactions than 
in their natural environment (Magurran et al. 1996), as variations in concentrations of 
conspecific Schreckstoff (at 0.0001 concentrations of alarm pheromone, see Waldman 
1982) or exposure of potential predator odours to naïve individuals will not provoke a 
fright reaction (Waldman 1982; Magurran 1989). Thus, my laboratory setup may 
represent an even ‘riskier’ environment to the zebrafish so that adult survivorship may 
further reduce if tested in the natural environment. Therefore, the estimate of potential 







 4.4.2. Predation 
 
Besides behavioural changes which may affect adult viability, the differential rates of 
predation on the phenotypically different zebrafish may also lead to the decline of either 
population. As an increase in brightness, size, or contrast with the background will 
increase visual conspicuousness, these attractive visual traits are likely to carry an 
increased predation risk by visual predators (Zuk & Kolluru 1998; Rosenthal et al. 
2001). GFP transgenic zebrafish brightly glowed florescent green and might attract 
predators. However, my results do not support this as both GFP transgenic zebrafish 
were attacked as often as WT were (see Table 4-4). It is possible that visual predators 
may feed on prey regardless of colour. However, in a natural setting, visual predators 
will not be limited to the adult zebrafish hence there may still exist a possibility that the 
conspicuous green colouration may act as an advertisement to predators. Alternatively, 
the bright green colouration of GFP transgenic zebrafish may be perceived as a novelty 
and avoided by predators. Therefore, a wide range of visual predators should be tested on 




In conclusion, should a GFP transgenic zebrafish be released or accidentally escaped into 
the natural environment, the chances of survivorship will be low due to its slower 
reaction to foraging patches and variations in predation avoidance behaviours. By 
reduction in the numbers of GFP adults, reproduction and procreation of the next 
generation will be significantly reduced as the transmission of the transgene is governed 
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 by Mendelian principles, and the non-transgenic zebrafish produced from GFP 





 CHAPTER 5 
 
FITNESS COMPONENTS AND POSSIBLE 
ECOLOGICAL RISKS OF TRANSGENIC 




Unintentional or intentional anthropogenic interferences with the natural environment 
have yielded many implications on the ecosystem. Besides affecting physical changes in 
habitats (Primack 1993; Hakoyama et al. 2000), introduction of exotic species into a 
stable environment of natural communities can have adverse effects on the existing 
communities through competition, predation and even population eliminations (Lodge 
1993; Muir & Howard 2001). 
 
The anthropogenic introduction of genetically modified organism into a natural habitat is 
akin to the release of exotic species, where they are commonly viewed as ecological 
malignancies (Lodge 1993). This can be perceived true of the transgenic organisms, if 
they are genetically altered to have an increase in fitness in some aspect of their life 
history (Muir & Howard 1999). However, not all transgenes have the same positive 
impact on the transgenic organism’s fitness, thus transgene frequency and persistency in 
a natural habitat must be determined before a specific transgenic organism can be 
introduced or released. 
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Although the release of any transgenic organism is not permitted to perform fitness tests 
in field trials, an estimate of the potential environmental risk posed by a population of 
GFP transgenic zebrafish when interacting with its WT population in a given 
environment was conducted using a conservative model to determine risk.  
 
A deterministic model developed by Muir and Howard (see Muir & Howard 1999, 2001) 
have been used to assess possible ecological risks and hazards of transgenic fish. This 
model is ideal for the GFP transgenic zebrafish as it is governed by the complete 
dominance of the transgene, producing three possible genotypes but only two 
phenotypes. According to this model, six fitness parameters are crucial. These include 
juvenile viability (probability of survival to sexual maturity), adult viability (survival 
after sexual maturity), age at sexual maturity, female fecundity (clutch size), male 
fertility (male fertilization success), and mating advantage (Muir & Howard 1999, 2001). 
Using the fitness components obtained in my experiments (Chapters 2 - 4) and a 
deterministic model developed for genetically modified organisms’ risk evaluation, I 
investigated the expected transgene frequency over generations to examine the possible 









 5.2.1. Deterministic model 
 
Zebrafish are able to mate and produce offspring daily upon sexual maturity, hence age 
of the D. rerio was measured by the number of days. Here, an arbitrary population with a 
maximum life span of d ages making up of females of genotype j and  males of 





th age is assumed, where the population size (N) at time t could be 





















The total number of sexually mature females and males in a population is respectively 


































where the age at sexual maturity for females and males are  and  respectively. smks fj
 















































































Assuming that there is an equal sex ratio at birth, the expected number of offspring of 



































where  is the fecundity of the jthjc  female genotype, and represents the relative 
fertility of the k
kr
th male genotype.  is the expected frequency of genotype i at birth 
among offspring produced from a mating between genotypes j and k (Mendelian 
ijkM
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 segregation ratio), and  is the relative viability of an individual of genotype i, 
produced from parents of genotypes j and k,  surviving to sexual maturity. 
ijkv
 
The individuals from the above equations will become the first age class. As this age 
class entered the population, all other age classes advanced by one with the death of the 
oldest class. 
 


















































 5.2.2. Determined parameters 
 
The model described above (Chapter 5.2.1) requires the values of the six net fitness 
parameters to determine the transgene frequency should the WT and transgenic 
population interacts. The six fitness parameters needed for the model includes: female 
fecundity, male fertility, mating advantage, juvenile viability, age at sexual maturity and 
adult viability. 
 
As the reproductive fitness data collected in previous Chapters showed that there existed 
no differences between generations of mating pairs (but significant variations amongst 
mating permutations), only the results collected from the first generation were utilized 
for the model (see Chapter 3). From the reproduction results (see Chapter 3), the average 
fecundity of WT females was calculated at 569.2, while fertilization success of WT 
males as 73 % (see Muir & Howard 2001). These values were obtained by finding the 
average female fecundity and percentage of fertilized embryos (male fertility) of only 
WT and WT matings. As all the GFP fish used in the experiments were hemizygous, 
fecundity of transgenic females and fertility of GFP transgenic males were calculated as 
197.9 and 57 %, respectively.  
 
The age of sexual maturity for WT males and females are at three months, i.e. 90 days 
(Bauer & Goetz 2001; Ma et al. 2001; Gerhard 2003), while that of GFP males and 
females were calculated as 106 days. This is because the growth rate difference between 
WT and GFP transgenic zebrafish was 17.6 % greater in WT  (from back calculations of 
differences of growth rates between WT and GFP D. rerio; see Chapter 3.3.4) (Muir & 
Howard 1999).  
102 
 Assuming that a total of 30 homozygous GFP males and 30 homozygous GFP females 
are introduced into a population of 30, 000 WT males and 30, 000 WT females, the adult 
viability for all WT and GFP zebrafish were converted into a per day survival rate at 
0.9989 (Muir & Howard 2001). Through personal observations, viability of juvenile WT 
zebrafish was high, with little or no mortality since they hatched; hence WT juvenile 
viability was valued at 0.999. This occurrence was not the same as that of the GFP 
transgenics, as mortality varied greatly from each clutch. In order to examine how 
sensitive predictions of risk were to estimates of juvenile viability and mating success, a 
range of juveniles viabilities and relative mating advantage were examined. As previous 
experiments had pre-determined that the males were not the choosy sex, male mating 
advantage was used to vary with juvenile viability in the calculations. 
 
In addition, the model can be used to determine transgene frequency in a population by 
incorporating the values for juvenile viability and estimates of mating advantage in the 




Within the range of parameters examined, the frequency of the GFP transgene in this 
environment steadily declined and was eventually eliminated from the WT population 
(Figure 5-1).  
 
There existed a positive correlation between GFP male mating success and juvenile 
viability on the effect of transgene frequency, with the increase in juvenile viability 
having a greater impact on the transgene outcome. This was demonstrated by the great 
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 differences in transgene population extinction duration (days) as juvenile viability 
increases minimally (e.g. days to extinction is 300 and 1350 at juvenile viability values 
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Figure 5-1. Expected number of days to transgene frequency extinction in an interacting 
population of WT and GFP zebrafish (contour lines). While risk is low, there is a 
positive correlation between the duration of transgene frequency in the population and 
that of juvenile viability and mating advantage of GFP males. 
 
104 
 5.4. Discussion 
 
Risks associated with any introduction of what may include competition and/or predation 
(Kennedy & Strange 1980; Berg & Jorgensen 1991), having an impact on other 
organisms that may have conservation values, and interbreeding causing a reduction in 
fitness which may cause the population to decline (Hindar et al. 1991; Utter et al. 1993; 
Waples 1999). This is especially so when GFP transgenic zebrafish in this study remain 
reproductively viable (see also Knight 2003). However, while consequences of exotic 
species introductions may sometimes cause a huge ecological threat, not all exotic 
species are able to adapt and survive when released (Lodge 1993). Therefore, the fitness 
of the transgenic organisms must be determined to see whether it can have the potential 
to pose any ecological hazard.  
 
In contrast to the Trojan gene effect as estimated in GH-transgenic fish (Muir & Howard 
1999; Howard et al. 2004), my results in this study revealed a different trend for the GFP 
transgenic zebrafish. Sensitivity analysis tests of fitness parameters showed that the age 
at sexual maturity was the most crucial variable affecting the spread of the transgene 
(Muir & Howard 2001). With the growth rates of GFP transgenic zebrafish at 17.6 % 
lower than that of the WT, it will take the GFP transgenic D. rerio 16 more days to 
become sexually mature to be able to reproduce and contribute to the next generation. 
This unfavorable effect on the transgenic zebrafish is comprehensible as almost every 
aspect of survival and reproduction is affected by growth rate and body size (Roff 1986). 
While not tested in this study, body size is often advantageous when competition for 
space and food, and mating success are involved (Magnuson 1962; Anderson 1994).   
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 Moreover, considering that WT males attained at least a 3.6-fold mating advantage 
compared to GFP zebrafish, the chances of the novel transgene spreading into wild 
populations would be insignificant, as female zebrafish generally declined to mate and 
spawn, when paired with the transgenic individuals. This can be observed in the 
deterministic graph, as juvenile viability need to be close to one even before the GFP 
transgenic population will take more than 500 days to become extinct (Figure 5-1). This 
is further escalated by the inferior qualities of GFP transgenic zebrafish. With the 
significantly lower female fecundity and male fertility in the transgenic GFP population, 
subsequent generations will doubtlessly be represented by fewer transgenic fish (see also 
Meliska & Bartke 1997; Wiens 2001).  Consequently, with the reduced viability of GFP 
offspring, the possibility of GFP transgenic zebrafish to displace WT zebrafish 
population is highly unlikely.   
 
Although adult viability in this model did not vary accordingly to the GFP and WT 
zebrafish, the behavioural observations made in the adult transgenic D. rerio have hinted 
that the GFP transgenics will not adapt as well as WT zebrafish in any given situation 
(see Chapter 4). Due to unknown pleiotropic effects of the inserted GFP transgene in the 
zebrafish, the results in Chapter 4 showed that the GFP zebrafish exhibited a 
significantly longer latency to react to advantageous foraging patches and persistence to 
forage in a known risky situation. This may be coupled by the delay or lack of 
association of alarm substance (Schreckstoff) to a dangerous plot in the GFP transgenic 
zebrafish. Even though ‘predators’ did not preferably choose any prey phenotype 
through the cannibalism experiments, the deficiency in learning about an environment 
can conclude in death in the transgenic organism (Laland & Williams 1997). 
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 Levin et al. (1987) showed that potential impacts of releasing transgenic animals into the 
wild can be adopted through the prior performance data observed in confinement. 
However, without conducting field trials, it is difficult to determine from the laboratory 
experiments and laboratory-reared zebrafish whether external environmental interactions 
have an impact on reproduction and other fitness parameters (Kareiva et al. 1996; Devlin 
et al. 2004b). Ideally, risk assessments of transgenic organisms are highly desired for the 
determination of possible environmental impacts in the wild. This is because selection 
pressures in the natural ecosystems act simultaneously in shaping any organism where 
genotypic and phenotypic traits are concerned, governing the transgene population in the 
ecosystem (Devlin et al. 2004b). However, although a laboratory-based experiment may 
not be truly reflective of a field trial, the model used for this experiment is extremely 
conservative, where it may even find risk when no genuine risk exists. On the other 
hand, when it finds no risk, it is almost certain, as laboratory conditions are more benign 
than nature, where lack of predators and abundance of food are absent, thus if a 
genetically modified organism is at a disadvantage in the lab, it is difficult to envision an 
environment found in nature that would reverse the predictions (Muir & Howard 2004). 
Hence, the empirical evidence from this study supports that these GFP transgenic 
zebrafish are novel organisms that may not have any adverse effect on their wild 
counterparts due to negative natural selection pressures.   
 
However, fitness differences between transgenic and non-transgenic fish will depend on 
several factors, including the receiving organism for the transgene, and the different 
ecological context (Kapuscinski & Hallerman 1991; Reichhardt 2000; Hedrick 2001). 
Therefore, as each transgenic organism is unique, risk should be determined on a case by 
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 case basis, where the use of the net fitness approach allows such an assessment in a non-
biased objective manner.  
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6.1. Transgene Effects and Its Significance 
 
Transgenesis is a potent and rapid way to enhance biodiversity by providing animals 
with foreign genetic information, an event which has no chance of occurring in 
conventional breeding (Houdebine 2002). However, novel characters that occur 
unexpectedly via the use of transgenic methods can potentially have unknown impacts 
on the recipient’s life history, and may also influence its genes’ inheritance in sexual and 
natural selection. Therefore, these novelties created through transgenic means are not 
spared, and the survivability of a transgenic organism is dependent on its ability to 
persist despite natural selection.   
 
Anthropogenic interferences with the natural ecosystem through the deliberate 
introduction or inadvertent release of any current novelties (transgenic organisms) to 
natural ecosystems can also harm the ecosystem (Muir & Howard 2001). As Kapuscinski 
and Hallerman (1990) have pointed out, the major determinants of ecological impacts of 
transgenic fishes will be the phenotypic effect of the inserted genes. These phenotypic 
changes include several alterations (e.g. age and size at sexual maturity, maximum size, 
longevity, reproductive effort and offspring size), species tolerance of physical factors 
(e.g. temperature, pH or salinity), and behavioural changes (e.g. seasonal migrations, 
habitat selection, prey selection, territoriality and reproduction) (see Kapuscinski & 
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 Hallerman 1990). Alterations in these determinants have been documented in GH-
enhanced transgenic fish, in which the transgene have had pleiotropic effects on the 
organism (see Devlin et al. 2004a for review). 
 
However, for a simplified indication of possible ecological risk the GFP transgenic 
zebrafish fish can pose if released, only the crucial six ‘net fitness components’ were 
studied. They include juvenile viability (probability of survival to sexual maturity), adult 
viability (survival after sexual maturity), age at sexual maturity, female fecundity (clutch 
size), male fertility (male fertilization success), and mating advantage (see Muir & 
Howard 1999, 2001). By examining these factors, scientists and policy makers can then 
have a better understanding of the long-term ecological effects a transgenic organism can 
pose to a natural habitat. 
 
6.2. Natural and Sexual Selection  
 
When a new trait (caused by mutation or transgenic techniques) emerges within a 
population, natural selection imposes an effect on the organism, affecting changes in the 
frequency of these variants, hence its population (Endler 1986b). These alterations are 
subsequently subjected to natural and sexual selection, which cause the novel signals to 
be evolutionary stable at equilibria within the environment (Lande 1981; Kirkpatrick 
1982; Lande & Kirkpatrick 1988; Maynard Smith & Harper 1988; Grafen 1990; Tanaka 
1991). However, this will bring about an additional selection load on an equilibrium 
population because the character, the signal, is maintained by a compromise between 
sexual (or social) selection and the cost of the signal (Grafen 1990). In this study, I have 
shown that the novel GFP transgenic zebrafish are at a disadvantage in terms of mating, 
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 reproduction and viability compared to the WT population, and may become extinct 
within 300 days if accidentally released and interacted with WT zebrafish (see Chapter 
5).  
 
The loss of a particular trait can be caused by several factors, including environmental 
(e.g. predation risk, signal transmission, nutrient availability), random (e.g. genetic drift) 
and social (sexual selection) (Wiens 2001). Through natural selection, males may be 
excluded from the population before the breeding season due to the heavy cost of the 
signal (Tanaka 1996). In addition, natural growth rates of organisms have evolved to 
provide maximum fitness in wild environments, matching seasonal and spatial 
availabilities of food resources, variation in these physical conditions, and tradeoffs 
associated with correlated characteristics such as predation risk and disease resistance 
which are associated with allocation of metabolic resources (Arendt 1997; Damsgaard & 
Dill 1998; Thorpe et al. 1998). In the case of the GFP transgenic zebrafish, the observed 
slow growth rates and altered conspicuous body colouration by transgenic GFP gene 
may be the cause, affecting the viability via the high cost of glowing bright green. In 
addition, since the WT males were preferred as mates, GFP males will have fewer 
chances to mate with both GFP and WT females. Hence the proportion of males that can 
mate with females is decreased by two main reasons, i.e. the cost of the signal (natural 
selection) and the choosiness of females (sexual selection) (Tanaka 1996). 
 
Darwin (1871) determined that sexual selection caused the evolution of exaggerated 
male traits (see Kirkpatrick & Ryan 1991; Andersson 1994 for reviews; Morris et al. 
2005), and there is widespread evidence of significant genetic variances in male 
ornament characters (Cade 1984; Butlin & Hewitt 1986; Hedrick 1988) and female mate 
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 preferences (Ritchie 1992). However, there has been an evident widespread loss of 
exaggerated male traits as females are biased towards the absence or weakened presence 
of the male trait (Burns 1998; Wiens 2001), as selection load limits the intrinsic rate of 
population growth and enhances population extinction (Lynch & Lande 1993). The 
empirical evidence provided here suggests that sexual selection may have exerted the 
most pressures on the GFP transgenic zebrafish, hence causing a loss of the GFP body 
colouration in a zebrafish population, greatly diminishing the transgene frequency’s 
existence. 
 
Moreover, there is an obvious female effect on the number of eggs produced, especially 
when the WT females were allowed to mate with the less preferred GFP males (see 
Figure 3-3). Realistically, mate choice may not inevitably be optimal (Wiegmann et al. 
1996), hence male or female reproductive effort can differ in each individual mating, 
where priority of reproductive success is offered to more attractive mates. This theory is 
known as the differential allocation hypothesis (DAH) (Burley 1986, 1988). While 
reproductive effort can be split into primary and secondary effects, this proportional 
inconsistency may be brought about by variation in mate attractiveness (Sheldon 2000; 
Gil et al. 2004), hence suggesting that parents can nevertheless manipulate their 
offspring quality after mate selection. Inclusive of this addition effect after sexual 
selection, GFP males will not obtain as many offsprings as compared to the WT males 
should they mate with the same female. While this post mate selection behaviour is 
interesting, it is neglected in prior transgenic fitness studies, having important 
implications that mate choice can affect the final number of transgenic offspring, hence 
transgene frequency in a population, reproduced from each transgenic male. 
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 6.3. Conflicting Hypotheses 
 
While one school of thought insists that transgenic organisms are modified to increase in 
specific areas of fitness, another believes that the transgenic organisms are but novel 
creations which lack the exposure to harsh selection processes (see Chapter 1). These 
two hypotheses contradict each other in that the long term ecological impacts posed by 
transgenic organisms will vastly differ. The former claims that transgenic organisms will 
exert pressures on the natural environment like the introduced species, devastating local 
populations by interfering with the equilibrium in ecological balances (see Kapuscinski 
& Hallerman 1991). In contrast, the latter hypothesis argues that these unnatural 
organisms will die out in the natural environment as they are phenotypically weaker than 
before genetic modification occurred. These transgenic organisms are then much more 
inferior in fitness levels and will be unable to compete and survive in a normal 
population where natural selection had already strengthened the existing organisms. 
 
There has not been any empirical evidence to support or disprove these two hypotheses 
until recently. Muir and Howard (1999) determined that GH-enhanced medaka has an 
advantage in mating advantage, but low viability. Their results show that should a 
population of the GH-enhanced medaka interact with a wild population, matings with 
transgenic individuals will increase, but offsprings resulted from these matings will have 
such low viability that the introduction of these transgenics will cause a population 
extinction of the species. This strongly supports that the transgenic organisms can have a 
negative impact on the environment. However, the results from my study show the other 
side of the dispute; the conspicuous GFP transgenic zebrafish have such low fitness 
conditions that they are disadvantaged in all aspects of reproduction and survivability.  
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 Therefore, this is the first study to examine all aspects of fitness parameters in a single 
organism, supporting the second hypothesis that transgenic organisms are inferior 
individuals which can not survive well in natural environments.  
 
Therefore, in view of this and the other fitness parameters examined in other transgenic 
organisms, we must be objective, and ascertain their fitness and implications before we 
can safely state that they have no adverse effects to the environment before any form of 
release. In addition, all aspects of the fitness parameters of each transgenic organism 
must be determined, and how they interact with each component is pertinent to 
understanding the viability of each transgenic organism. Moreover, ecological 
interactions amongst different species found in the environment should also be examined 
before a conservative conclusion can be made about the transgenic organism in question. 
 
6.4. Last Considerations 
 
A multitude of interactions contribute to community structure within a population (Polis 
& Winemiller 1996), and understanding the evolution of life histories requires an 
accurate knowledge of the trade-offs and strategies involved (Kaplan & Cooper 1984; 
Mitton & Lewis 1989). By developing novel ornamental fish using transgenic 
technology, these fluorescent fishes will have a great impact on the million-dollar 
ornamental fish industry in Singapore. By tissue specific expression of GFP, different 
varieties of fluorescent fish can also be generated. Furthermore, with the availability of 
other ‘living colours’ by Clontech, the variety of options to make ‘rainbow coloured’ 
fishes are limitless (see Gong et al. 2001, 2003). In addition, the empirical evidence from 
this study show that the GFP transgenic zebrafish are unable to outcompete with the WT 
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 due to natural and sexual selection pressures mimicked in laboratory conditions (but see 
Muir & Howard 1999 on GH-enhanced Japanese medaka). Although the GFP transgenic 
zebrafish are not currently sold in the market, the zebrafish inserted with RFP (red 
fluorescent proteins) are already marketed and sold in aquariums (Muir 2004). However, 
some preliminary studies on the fitness components of the RFP transgenic zebrafish were 
performed, and the fitness parameters did not differ far from the more established line of 
GFP zebrafish used in this study (Gong et al. 2003). Therefore, any ecological risk 
caused by the colourful transgenic zebrafish seems minimal, addressing concerns of 
potential environmental hazards of colourful transgenic zebrafish. 
 
My study is crucial in demonstrating that not all transgenic organisms can be harmful to 
the natural environment if released (but see Muir & Howard 1999), as the empirical 
evidence provided here shows that GloFishTM, inserted GFP are greatly disadvantaged in 
mating and had significantly reduce reproductive success. Although there were 
limitations to this study, the data analysis for each experiment was chosen cautiously to 
allow for nonparametric and parametric comparisons. Therefore, the smaller sample sizes 
in these experiments are accounted for. This is a constraint caused by the low 
survivability rate of the transgenic organisms for the experiment, but an increase in 
sample size will be ideal in these experiments. Secondly, the mathematical model used to 
determine possible ecological impacts caused by the transgenic zebrafish has its 
drawbacks as well. The model did not effectively include any other experimental and 
environmental conditions which are varied and could have had an adverse impact on the 
transgenic population. By taking more parameters into consideration, the model will be 
able to give the scientists a more holistic view of the impacts of these zebrafish. 
However, this is complex, requiring an intricate knowledge in deterministic modeling 
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 and design, and a number of trial and errors to prove the accuracy of this model. On the 
other hand, in the absence of a perfect model, the current one is the most widely accepted 
model used to examine ecological effects of transgenic organisms. Lastly, this is a 
conservative study and further examination of the transgenic organism must be 
conducted in a simulated natural environment in a confined area to give a better estimate 
of the transgenic population effects. This is critical as natural selection may not work 
similarly in laboratory conditions, and selection processes will only enhance the fitness 
characteristics of an organism hence it may have a different effect on the individual 
transgenic populations in a natural setting.  
 
Finally, all transgenic organisms are altered differently through the addition of different 
transgenes via a variety of transgenic techniques, hence fitness components will 
definitely change according to the many variations involved. Therefore, this present 
study emphasizes that each transgenic organism is unique and risk should be assessed on 
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Too Tired to Be Sexy  
 
SINGAPORE--Fears that escapee zebrafish, genetically engineered to glow in 
fluorescent color, would interbreed with their drab brethren in the wild, may be 
unfounded. A study presented at the Biology in Asia conference here last week 
suggests that the mutant fish don't shine with sex appeal. 
 
 
Not marriage material. Fluorescent male zebrafish are no match for their wild 
competitors. 
CREDIT: National University of Singapore  
 
The zebrafish Danio rerio, native to streams in southern Asia, is normally silvery-grey 
with dark stripes. But in the 1990s, scientists in Taiwan and Singapore genetically 
modified strains with genes from jellyfish and anemones, giving the fish a green or red 
"glow" under UV or even visible light. Originally developed to aid in the detection of 
water pollutants (with a switch gene added, the fish would glow whenever the target 
pollutant was in the water), these and similar fish have been popular in the aquarium 
trade in the U.S. since late last year, with the red variety marketed under the name 
GloFishTM. But environmentalists have expressed concern that the modified fish will 
escape and interbreed with wild zebrafish, particularly in their native tropical Asia. 
 
Wee-Khee Seah, Zhiyuan Gong, and Daiqin Li of the National University of Singapore 
made aquariums where a normal or green fluorescent zebrafish female would be 
confronted with the choice between a normal and a glowing green male behind glass. 
They found that both types of female spent more than 80% of their time with their 
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 noses glued to the glass of the unaltered males' compartments, with the green males 
jealously courting in vain.  
 
Suspecting that the green-glowing fish might have subdued courtship behavior, they 
then showed the females videos of courting males after digitally doctoring the images 
of some of the wild males' courtships to make them look fluorescent green. Sure 
enough, the females always preferred wild males' courtships, whether cloaked in green 
or not. Finally, when forced to mate with green males, females would show their 
dissatisfaction by laying only half as many eggs as when paired with a wild male, the 
researchers found. Seah thinks the genetically-engineered fishes' lethargic courtship 
behavior may be the result of having too much energy drained by the glowing jellyfish 
protein in their muscles.  
 
Fish ethologist Adam Shohet of the University of Sussex in Brighton, U.K., agrees that 
the insertion of a foreign fluorescent protein may upset the fishes' finely-balanced 
energy budget. He's convinced that the new results show that there is "little threat posed 








‘Too Tired to be Sexy’ was based on an oral presentation delivered in the Biology in 
Asia International Conference, Nanyang Technological University, Singapore. The topic, 
Limitations in Mating Success in Green Transgenic Danio rerio, was featured in 
ScienceNow: American Association for the Advancement of Science on the 16th 
December 2004.  
 
http://sciencenow.sciencemag.org/cgi/content/full/2004/1216/2
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